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Abstract 
Ferromagnetic (FM) semiconductors are materials that simultaneously 
exhibit semiconducting properties and the spontaneous long-range FM 
order. Classic examples include the eviropitun chalcogenides and the 
chalcogenide spinels, both extensively studied.* The coexistence of these 
properties in a single material provides fertile groxind for fundamental 
studies.^ However, device applications have languished because of low 
magnetic ordering (Curie) temperatures and the inability to incorporate 
these materials in thin film form with mainstream semiconductor device 
materials. 
The interest in ferromagnetic semiconductors (FMS) was rekindled 
with the discovery of the spontaneous FM order in Inj.xMnjtAs in 1989* and 
Gai.xMnjjAs in 1996,23 when the FM properties were realized in 
semiconductor hosts already widely recognized for semiconductor device 
applications. These new FMS materials exhibit Curie temperatures up to 
35 K and 110 K, respectively, for Mn concentrations of the order of 5% and 
sufBcientiy high hole densities and have been closely studied for their 
potential in future spin-dependent semiconductor device technologies. For 
example, Gaj.xMn^s has been used as a source of spin-polarized carriers in 
both light-emitting diodes and resonant turmelling diode heterostructures. 
The FM order as influenced by the electric field control has recentiy been 
reported in Ini.xMnjtAs heterostructures, demonstrating one of the unique 
properties of these materials and portending a host of new applications. The 
experimental evidence for Curie temperatures above 300 K has been 
reported in other materials, such as CdMnGeP2. 
Tailoring materials with ferromagnetic and semiconducting properties 
combined in a material has been a long-cherished goal. The advantage with 
FMS lies in their potential as spin polarized carrier sources and easy 
integration into semiconductor devices. An ideal FMS should have a Curie 
temperature above room temperature and be able to incorporate not only 
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p-type, but also n-type dopants. But the goal of producing such materials 
has remained mostly elusive because of the difference in crystal structure 
and chemical bonding of component materials. FMS are the materials for 
spin electronics (Spintronics) that demands a h i ^ level of the carrier spin 
polarization near room temperature. Spintronics is a new emerging field with 
devices projected to have immense applications for magneto-optic 
semiconductors, enhanced data speed, qubits, non-volatile RAM, decrease in 
power consumption, increased integration densities compared to 
conventional semiconductor devices and so on. In a spintronics device, the 
spin degree of fi-eedom of a charge carrier is exploited in addition to the 
charge nature of the carrier providing a prospect to interplay or combine the 
property of magnetism, electronics and optics in a single system. A large 
electron spin polarization has been detected at low tenq)eratures in some 
mixed valence perovskites. But it vanishes near room temperature and 
above.^ 
Extensive work has been carried out jbo&raf^e theoretical as well as 
the experimental level for several decades. This has led to a breakthrough 
for several systems, which illustrate significant magnetic properties. The 
transition is associated with unusual transport properties, including a large 
value of magnetoresistance in the vicinity of the transition. These materials 
got intense scientific importance during the past few years in view of 
possible technological applications e.g. bolometer, magnetic sensors etc. 
Transition-metal perovskites form a very interesting group of materials 
because of extremely rich variety of their electrical properties, from a large-
gap insulator to a metal and magnetic properties such as nonmagnetism to 
magnetism, antiferromagnetism to ferromagnetism.*'* These phenomena 
have been observed in a family of doped manganites with perovskite 
structure of chemical formula Ri.xAxMnOa (where R is a rare earth ion and A 
is a divalent alkaline earth metal ion). Rare earth occupies the A-site of the 
ABO3 structure while B site is occupied by Mn ions. 
Furthermore, 3d transition metal oxides, particularly the manganites, 
are being exploited from the prospects of having improved device 
performance relative to the GMR materials. Also these oxides display a 
diverse nature of properties such as paramagnetic to ferromagnetic 
transition accompanied by insulator to metal transition and the realization 
of high magnetoresistance on application of a relatively low magnetic field. 
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Historically, magnetoresistance in manganites is known to transpire since 
fifties.^ But recent inquisitiveness about manganites has developed as a 
consequence of the evidence for high magnetoresisteince values at room 
temperature and low magnetic field due to interplay of spin, charge and 
lattice distortion.® Although vigorous efforts have been devoted to the 
theoretical aspects of these materials,^''^ the understanding of the basic 
mechanism of the origin of colossal magnetoresistance (CMR) is yet eluding. 
The undoped transition metal oxide LciMnOa is an antiferromagnetic 
charge transfer insulator where Mn is in +3 valence state.'^ If any divalent 
atom (such as Cd?*, Pb^ "^ , Sr^*, Ba^* etc.) is doped at La site for instance, 
Lai.xCa^MnOa, it converts Mn*^ to Mn*"* state in proportion of the doping 
concentration. This is equivalent to the hole doping in the system. The hole 
doping induces a number of dramatic changes in the electrical and magnetic 
properties of the parent LaMnOa compound, such as insulator-metal 
transition, paramagnetic-ferromagnetic transition, CMR, charge ordered 
state, phase separation, etc.'^ In the light of these rich physical properties, 
the hole doped LaMnOa has the potential for promising device applications 
such as magnetic sensors, magnetic valves, read head technology, 
bolometric application, etc.^ **"*^  However, these properties strongly depend 
on the ionic radii of the divalent cation and the concentration of doping 
which govern the distortion of MnOg octahedra. A small change in the 
chemical composition, like the ratio between the amounts of trivalent and 
divalent ions at the A site or the average ionic radius of the ions on the A 
site, can induce large changes in the physical properties. To be specific, the 
ferromagnetic coupling and the metal-insulator transition temperature are 
very sensitive to the change of these parameters. The application of a 
magnetic field, hydrostatic pressure or the change in temperature produce 
similar effects. The electrical and magnetic properties of the doped LaMnOa 
have been explained in terms of the Zener's double exchange'^ and Jahn 
Teller distortion." Although some researchers' '^^ believed that the double 
exchange (DE) model is very rough and could not alone explain very large 
resistivity of the insulating phase, it still remains the main and essential 
theoretical mechanism used to explain the anomalous phenomena. The 
electronic transport properties of the transition metal oxides strongly 
correlate with their magnetic properties and the crystal lattice. SevM^al 
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properties and transitions cannot be described by simple one-electron 
models. These compounds are thus part of the strongly correlated electron 
systems. 
On the other hand Mn-site substituted materials of the form 
LaMni.jM^Oa (M=Co, Ni) have been studied well to ascertain the spin states^' 
of Mn and M ions. The Co-doped system, however, has received more 
attention.22 The composition with x = 0.5 is reported as a two ferromagnetic 
phase structure with Tc=225 K (Rhombohedral) and 150 K (Orthorhombic). 
The spin states are trivalent as high spin Mn^* and low spin Co^* in the 
high-Tc phase whereas the ions are present as Mn"** and Co^* in the low-Tc 
phase. In the high-T,. phase, Co^* ion is considered to stay in the low spin 
state [3d*(t2g^ t t2g^  i), S=0], like in LaCoOa which is Pauli paramagnetic and 
the ion has no contribution to the ferromagnetic moment of the system. 
Nevertheless, Yang, Ye and Xie^^ have found non-zero magnetic moment for 
Co ions in the lower Co-doped systems. They have confirmed (theoretically 
and experimentally) for x=0.5 that the orthorhombic phase with interlacing 
doping type is most stable. This observation is supported by the work of 
Troyanchuk et al.^^ where mixed superexchange interactions of the type 
Mn^^-O-Mn"**, Mn^^-O-Mn^* and Mn^^-O-Co^*, have been considered to 
explain the magnetic properties of LaMni.xCOxOa. 
Under the motivation to search the FMS systems at room temperature 
for use in modem electronics we decided to investigate the effect on the 
electrical and magnetic properties of Ni doped LaFeOa at various 
concentrations of nickel. Related questions that are to be addressed are: 
How does the lattice parameters, electronic and electrical resistivity change 
with Ni substitution? What is the effect of temperature on electrical 
resistivity? Does the system show ferromagnetic behaviour at room 
temperature? It is also interesting to know how the abovementioned 
properties vary with the effect of swift heavy ion (SHI) irradiation. In order to 
understand these interesting questions, we undertook the synthesis of a 
series of LaFei.,Ni,03 {x=0.0 to 0.6) to have a detailed study of structural, 
electrical transport and magnetic behaviour. It is found that all these 
properties depend on the concentration of the dopant, the temperature and 
the fluence of SHI. 
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LaFeOa is a 3d transition metal oxide, an antiferromagnetically 
ordered insulator at room temperature (Neel temperature, TN = 740 K) with 
Fe^* ions in an orthorhombic environment and a charge transfer gap of 2 eV. 
A wide range of electrical and structural properties have been observed by 
changing the concentration of charge carriers in perovskites such as 
LaFei.xNixOa, where x is the fraction of doping. Earlier workers found that 
100% Ni doped system (LaNiOa) is metallic with highly correlated conduction 
electrons of large effective mass and low density of states near Fermi energy, 
Ep [0.5-1.0 state/eV per unit cell]. 
Another material representing a typical class of magnetic materials 
that have lately triggered the interest among the material scientists is 
magnetite (Fe304) with potential of application in the spintronic devices. 
Magnetite (Fe304) is the oldest magnetic material known to man. It is 
abundantly found in natvire (especially in rocks) and was first discovered by 
man in Greece around 2000 BC. It was found in the region called Magnesia, 
from which the names magnetite and magnetism were derived. Magnetite 
has the inverse spinel Fe^*(Fe2*Fe3*)04 crystal structure. The conventional 
unit cell of magnetite contains 32 oxygen ions packed in an fee lattice: 8 Fe 
ions placed at sites with tetrahedral oxygen coordination (A sites) and 16 Fe 
ions placed at sites with octahedral oxygen coordination (B sites). The two 
crystal sites are very different and result in complex forms of exchange 
interactions of the iron ions between and within the two types of sites. In 
stoichiometric magnetite the A site Fe ions are Fe^* and the B site ones are 
equally likely to be Fe^* and Fe^*. 
Magnetite is magnetic at room temperature; in fact it is ferrimagnetic 
with a very high Curie temperature of 858 K.^ -^^ s Not only is it magnetic at 
room temperature, magnetite also shows a normal metallic behaviour in the 
minority spin, while at the same time there is gap of -0.5 eV in the majority 
of spin at the Fermi level. These properties make it a very interesting 
candidate for magnetic recording and spin-valve applications. The electron 
transport in Fe304 is predicted to be fully spin-polarized,^* such that it is 
one of the important half metallic ferromagnetic materials (HMFM), wliich 
combines its high degree of spin polarization. High conductivity of magnetite 
in the high temperature phase is a natural consequence of the partially filled 
nature of the d-band of the B-site (octahedral cation sites of the spinel 
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Structure of Fe304) Fe atoms. Magnetite undergoes a metal-insulator (MI) 
transition accompanied by a structural change from cubic to monoclinic 
phase, known as Verwey transition. The Verwey transition temperature (Tv) 
for the stoichiometric bulk Fe304 is around 120 K. Verwey transition is a 
consequence of the band splitting caused by the electronic correlations and 
the electron-phonon interactions. 
The epitaxial growth of magnetite has been studied on a variety of 
substrates.26-31 The most commonly used substrate is MgO due to its small 
lattice mismatch with Fe304 (aFe3O4~0-
8397 nm, aMgo~0-4213 nm). However, 
the Fe304/MgO hetero-epitaxy suffers from the formation of antiphase 
boundaries (APBs). The APBs are formed as natural growth defects resulting 
from the differences in translational and rotational symmetries of the 
substrate and thin film.^ -^^ ^ Therefore it is important to know their structure 
and distribution. A convenient way to study the APBs is the investigation by 
tiansmission electron microscopy (TEM) of films that have been lifted off the 
MgO substrate. 
The presence of APBs was found to affect the electronic band 
structure and magnetic interaction in the vicinity of APBs. Due to the 
modified cationic configuration at the APB, the nature of magnetic exchange 
interactions is modified.^' In the majority of APB configurations these 
superexchange interactions are predominantly antiferromagnetic and 
responsible for the exhibition of unsaturated magnetic moment in the 
presence of high magnetic fields and super-paramagnetic behaviour^s in 
ultra-thin Fe304 films. At a significant fraction of these boundaries, an 
antiferromagnetic coupling is present and the APBs thus have a strong 
influence on the spin-polarized conduction electrons of Fe304. 
Even though the presence of APBs reduces the efiiciency of Fe304 spin 
valve mviliilayers, they also open up a new type of spin-valve application. 
The APBs themselves will also act like a spin-valve, giving rise to 
magnetoresistance within a single layer. The advantage of this type of spin-
valve is that it does not require a multilayer structure, thus reducing the 
number of interfaces and the Fe304 domains on both sides of the boundary 
have the same band structure. Furthermore, the domains are structurally 
intergrown and the magnetic properties of adjacent domains are strongly 
coupled. The APBs are atomically sharp interfaces without a disordered 
region with switchable magnetic properties. 
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The motivation for the work on Fe304 is to produce a realistic 
description of the geometrical and magnetic structure at the APBs to study 
and describe their influence on the physical properties of the films. 
Therefore, the main aim of this work is to study the spin dependent 
transport across the APBs. Related questions that are be addressed are: 
How does the presence of APBs influence the physical properties such as 
electrical resistivity, magnetic and i / /noise of these films? What is the exact 
structure at the boundaries and how can we influence the APB density? 
What are the effects of SHI irradiation on APBs? In order to address these 
questions, we have grown Fe304 thin films on MgO substrate and 
systematically studied their microstructure, electrical and magnetic 
properties. 
We have also studied the effect of swift heavy ion (SHI) irradiation on 
abovementioned systems. A significant modification was observed in the 
electronic and magnetic properties of the material. 
Chapter 1 gives a brief account of the theoretical aspects involved in 
the present work. The theory of Rietveld refinement method gives 
background of different parameters refined during structural analysis. The 
theory used to interpret the x-ray absorption spectra (XAS) for the 
determination of the electronic structure of the ions has been discussed. For 
the electrical resistivity we describe variable range hopping (VRH) modal 
proposed by N. F. Mott and the Verwey transition. We have also given a brief 
description of various models on 1/f noise. 
Chapter 2 describes various experimental techniques used for the 
preparation and characterization of samples. These include sample 
preparation techniques: solid-state reaction route for bulk and pulsed laser 
deposition (PLD), molecular beam epitaxy (MBE) techniques for the thin 
films. We have also described different techniques used for sample 
characterization such as x-ray diffraction (XRD), x-ray absorption 
spectroscopy (XAS), electrical resistivity, 1/f noise, magnetization, atomic 
force microscopy (AFM), magnetic force microscopy (MFM) and swift heavy 
ion (SHI) irradiation. 
Chapter 3 is devoted to the investigations of the structure and 
electrical properties of bulk samples of LaFei.xNijjOa (x=0.0 to 0.6). We 
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synthesized samples of LaFei.xNixOa (x = 0.0 to 0.6) using solid-state reaction 
route. These samples have been checked for their phase purity by means of 
powder x-ray diffraction PCRD) technique and found to be single phase. A 
detailed study has been made on how the structure and lattice constant or 
volume of the unit cell of LaFeOa change on doping with Ni up to the 60%, 
using x-ray diffraction data. Further, we have refined the data using Rietveld 
refinement programme. The electrical resistivity measurements were 
performed using conventional four-probe technique in the temperature 
range 9-300 K. All the samples show semiconducting behaviour and the 
experimental data were fitted in the Mott's variable range hopping (VRH) 
model. We estimated the activation energy as a function of temperature 
above which the VRH model is applicable for the studied samples. The 
electronic structure studies have been made using x-ray absorption 
measurement at O-K, Fe-LjsNi- La.s aiid La- M4_5 ^dges. 
Chapter 4 explains the preparation and results of the electrical and 
magnetic measurements on LaFej.xNixOa (x=0.3, 0.4 and 0.5) thin films. We 
used PLD technique for thin film deposition of LaFe^xNi^Oa (x=0.3, 0.4 and 
0.5). The resistivity versus temperature plots of all films show 
semiconducting behaviour and the experimental data were fitted in the 
Mott's variable range hopping model over the whole range of temperature 
(80-300 K). The magnetic measurements were performed for ferromagnetic 
behaviour of the sample at room temperature. The estimated magnetic 
moment values decrease with the doping of Ni ion. We have also performed 
1/f noise measurements in the temperature range 80-300 K. The Hooge 
parameter (y) at room temperature was calculated fi-om the results of noise 
measurements for each film. The effect of swift heavy ion (SHI) irradiation 
with fluence values in the range 5x10^° to IXIO^^ ions/cm^ at room 
temperature on thin films of LaFeo.5Nio.5O3 has been also discussed in this 
chapter. The SHI irradiation effects show a decrease in electrical resisitivity 
over the whole range of the temperature for all the thin films. The interesting 
feature is that the magnetization is doubled on irradiation with the first 
dose. 
Chapter 5 describes the results of our investigsifiofeis* it^nP'e304 thin 
films. We have grown the thin films of various thicknesses 15, 40 and 70 nm 
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on MgO substrate by molecular beam epitajgr (MBE) techniques. The 
conditions for growing the films were settled so that antiphase boundaries 
may be produced. The rocking curves for different planes were obtained. 
Magnetization loops observed at room temperature clearly show iJiat the 
magnetization does not saturate with available fields. We have shown how 
the Verwey transition temperature and the magnetic domains are affected 
with increase in the thickness of the films. Magnetic force microscopy (MFM) 
also confirm above results. The low frequency noise (J /f) measurements 
show the decrease in the normalized noise with increase of film thickness. 
Our experimental results reflect the presence of APB's. In this chapter, we 
also present our results on effects of SHI irradiation on Verwey transition 
temperature, magnetization and phase modification in epitaxial Fe304 thin 
films. 
In Chapter 6 we summarize our experimental results and analyses on 
Ni doped LaFeOa and Fe304 thin films. On the basis of these results we 
conclude that Ni doped LaFeOa can be a candidate for a spintronics. The 
ferromagnetic and semiconducting properties at room temperature suggest 
that this system is also useful for new memory elements. Our results on 
Fe304 confirm that the APB's affect the Verwey transition temperature, 
magnetic moments and 1/f noise of the system. Thus by controlling these 
APB's we can make the system more useful. 
Furthermore, the results of powder x-ray diffraction and temperature 
dependence of resistivity, magnetization, 1/f nose and MFM performed on 
irradiated samples suggest that the swift heavy ion irradiation can be used 
as a productive technique to modify the structural and electronic transport 
properties of the systems. 
A study ofthe effect ofSHI irradiation on Abstract 10 
REFERENCES 
1. H. Munekata, H. Ohno, S. von Molnar, Armin Segmuller, L. L. Chang, and 
L. Esaki, Phys. Rev. Lett. 63, 1849 (1989). 
2. H. Akai, Phys. Rev. Lett. 81, 3002 (1998). 
3. V.I. Litvinov and V. K. Dugaev, Phys. Rev. Lett. 86, 5593 (2001). 
4. D.C. Worledge and T.H. Geballe, Appl. Phys. Lett. 76, 900 (2000). 
5. K. Chahara, T. Ohno, M. Kasai, and Y. Kozono, Appl. Phys. Lett. 63, 362 
(1990). 
6. J. Wang, J.B. Neaton, H. Zheng, V. Nagarajgin, S.B. Ogale, B. Liu, 
D. Viehland, V. Vaithyanathan, D.G. Schlom, U.V. Waghmare, 
N.A. Spaldin, K.M. Rabe, M. Wuttig, and R. Ramesh, Science 299, 1719 
(2003). 
7. G.H. Jonker and J.H. van Santen, Physica 19, 120 (1953). 
8. Colossgd Magnetoresistance, Charge Ordering and Related Properties of 
Manganese Oxides, ed. by C.N.R. Rao and B. Raveau (Singapore: World 
Scientific, 1998). 
9. P.W. Anderson and H. Hasegawa, Phys. Rev. 100, 675 (1955). 
10. J. Zang, A.R. Bishop and H. Roder, Phys. Rev. B 53, 8840 (1996). 
11. A. J. Millis, Nature 392, 147 (1998). 
12. E.O. Wollan and W.C. Koehler, Phys. Rev. 100, 545 (1955). 
13. K. Steenbeck, T. Eick, K. Kirsch, K. ODonnel and E. Steinbeisse, Appl. Phys. 
Lett. 71, 968 (1997). 
14. J.Z. Sun, L. Krusin-Elbaum, P.R. Duncombe, A. Gupta and 
R.B. Laibowitwitzpl, Phys. Lett. 70, 1769 (1997). 
15. N.D. Mathur, G. Bumell, S.P. Isaac, T.J. Jackson, B.S. Teo, 
J.L. MacManus-Dricoll, L.F. Cohen, J.E. Evetts and M.G. Blamire, Nature 
387, 266 (1997). 
16. R.J. Choudhary, Anjali S. Ogale, S.R. Shinde, S. Hullavarad, S.B. Ogale, 
T. Venkatesan, R.N. Bathe, S.I. Patil and Ravi Kumar, Appl. Phys. Lett. 84, 
3846(2004). 
17. C. Zener, Phys. Rev. 82, 403 (1951). 
18. H.A. Jahn and E. Teller, Proc. Roy Soc., A 161, 220 (1937). 
19. A.J. Millis, P.B. Littlewood and B.I. Shraiman, Phys. Rev. Lett. 74, 5144 
(1995). 
20. A. J . Millis, B. I. Shrainman, and R. Mueller, Phys. Rev. Lett. 77, 175 (1996). 
21. J.H. Park, S.W. Cheong, and C.T. Chen, Phys. Rev. B 55, 11072 (1997). 
Astudy of the effect of SHI irradiation on Abstract 11 
22. Z. Yang, L. Ye, and X. Xie, Phys. Rev. B 59, 7051 (1999). 
23. I.O. Troyanchik L.S. Lobanovsky, D.D. Khalyavin, S.N. Pastushnok and 
H. Szymczak, J. Magn. Magn. Mater 210, 63 (2000). 
24. F. Walz, J . Phys. Condens. Matter 14, R285 (2002). 
25. M. Zeise, Rep. Prog. Phys. 65 , 143 (2002). 
26. S.M. Watts, K. Nakajima, S. van Dijken and J.M.D. Coey, J . Appl. Phys. 95, 
7465 (2004). 
27. W. Eerenstein, T.T.M. Palstra, T. Hibma and C. Celotto, Phys. Rev. B 66, 
201101 (2002). 
28. Sangeeta Kale, S.M. Bhagat, S.E. Lofland, T. Scabarozi, S.B. Ogale, 
A. Orozco, S.R. Shinde, T. Venkatesan, B. Hannoyer, B. Mercey and 
W. Prellier, Phys. Rev. B 64, 205413 (2001). 
29. D.T. Margulies, F.T. Parker, F.E. Spada, R.S. Goldman, J.Li, R. Sinclair and 
A.E. Berkowitz, Phys. Rev. B 53, 9175 (1996). 
30. F.C. Voogt, T.T.M. Palstra, L. Niesen, O.C. Rogojanu, M.A. Janes and 
T. Hibma, Phys. Rev. B 57, 8107 (1998). 
31. W. Eerenstein, T.T.M. Palstra, S.S. Saxena and T. Hibma, Phys. Rev. Lett. 
88, 247204 (2002). 
A STUDY OF THE EFFECT OF SHI IRRADIATION ON THE 
STRUCTURE, ELECTRICAL AND MAGNETIC PROPERTIES 
OF SOME FERROMAGNETIC SEMICONDUCTING OXIDES 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
DOCTOR OF PHILOSOPHY IN PHYSICS 
/ \^ U 
• '^ r - :^  BY 
MOHAMMAD WAS! KHAN 
UNDER THE SUPERVISION OF 
Professor J. P. Srivastava (Supervisor) 
, Aligarh Muslim University, Aligarti 
Dr. Ravi Kumar (Co-supervisor) 
Inter-University, Accelerator Centre, New Delhi 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY, 
ALIGARH, INDIA 
MAY, 2006 \ 
T6566 
' t 
t i 
c f 
* t 
* » 
I i 
i i i i 
* 
(I 
(Dedicated I'D 
My Parents & Teachers 
i ! 
i \ 
( i '( 
\ \ 
i 
». 
f 
* 
t 
i 
t 
i 
i 
i 
t 
I 
f 
i 
DEPARTMENT OF PHYSICS 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH-202002, (U.P.) INDIA 
Tel.+91-571-2701001 
CERTIFICATE 
Certified that the work presented in the thesis entitled "A study 
of the effect of SHI irradiation on the structure, electrical and 
magnetic properties of some ferromagnetic semiconducting 
oxides" is the original work of Mr. Mohammad Wasi Khan, carried out 
under our supervision. 
(Dr. Ravi Kumar) 1 ^ | o ^ / ° ^ 
Co-supervisor, 
Inter-University Accelerator Centre, 
New Delhi 
r. J. P. Srivastava) 
Supervisor, 
Allgarh Muslim University, 
Aligarh 
Acknowledgements 
This thesis and the work behind it could never have been accomplished without 
the support and enthusiasm ot the following persons: 
First of all, I would like to express my deep sense of gratitude to my 
supervisor Professor J.P. Srivastava, Aligarh Muslim University (AMU), Aligarh 
for his decisive guidance, constructive criticism and constant encouragement 
since the begiiming of my research work. I h i ^ y appreciate the way he taught 
me condensed matter physics and the way he encouraged me to work hard as 
well as the way he refined my aptitude for research. It is much beyond my 
expression what I have learned from him. 
My sincere thanks are due to my co-supervisor Dr. Ravi Kumar, Senior 
Scientist, Inter-University Accelerator Centre (lUAC), New Delhi for his valuable 
thought provoking questions and criticsd comments during the entire period of 
work. It has been a wonderful experience and great opportunity to work with 
him and leam new techniques and skills. His open attitude to external users 
has also contributed to a very good research atmosphere at lUAC, New Delhi. I 
am also grateful to Dr. Amit Roy, Director, lUAC, New Delhi for his constant 
support and encouragement. 
I am indebted from the core of my heart to Professor Muhammad Irfan, 
Chairman, Department of Physics, AMU, Aligarh for facilitating me with my 
needs and requirements time to time in different ways. I am also thankful to 
other teachers of this esteemed Department for their useful comments and 
suggestions. 
My very special thanks go to Professor I.V. Shvets, Dr. S.K. Arora, Trinity 
College Dublin, Ireland and Professor S.l. Patil, University of Pune, for extending 
the facilities of x-ray diffraction and thin film deposition in their laboratories. I 
am also thankful to Dr. K. Asoken, lUAC, New Delhi, for XAS measurements at 
Tamkang University, Tamsui, Taiwan. 
I am grateful to Dr. Ramjanay Choudhaiy, Scientist, lUC, Indore, who 
always has been very supporting, bringing the groups together. Now, at the 
verge of completion of my thesis, I have great appreciation for his 
encouragement that helped me to develop the aptitude of scientific pursuit and 
temper to leam more and more. 
Dr. Anjana Dogra, Research Associate (RA), BARC, Mumbai and 
Dr. Shahid Husain, Lecturer, AMU, Aligarh deserve my thanks for their valuable 
A study of the effect of SHI irradiation on A cknowledgements v 
help and cooperation during many experiments and characterization exercises. I 
am also grateful to pelletron group of lUAC, New Delhi for their help in the ion 
beam experiments. 
My sincere thanks are due to all my friends and colleagues from AMU, 
Aligarh and lUAC, New Delhi, specially, Mr. M. Ayaz Ahmad, Dr. Saifui Islam, 
Dr. M. Mohsin Khan, Mr. Ali Jawad, Mr. Zafrul Hasan, Mr. Dharmendra Singh, 
Mr. Surendra Kumar Sharma, Mr. Dinesh Kumar Shukla, Mr. Shalendra Kumar 
Gautam and Mr. Ajay Panwar for their close association and encouragement. 
Mr. Zaheer Ahmad Khan deserves a word of praise for his contribution to the 
proofreading and helpful su^estions. 
On the more personal level, I would first of all like to thank to my family 
members, specially my parents, Mr. M. Sami Khan and Mrs. Nasima Begum for 
their constant support and encouragement. I am very fortunate that they always 
stand behind me in my endeavours. Thanks are also due to Ms. Sameera for her 
continuous encour£^ement and contribution to the proof correction. 
Finally, I gratefully acknowledge the financial support from UGC and CSIR, 
New Delhi in the form of JRF and SRF respectively. 
(M. Wasi Khan) 
i^i^i^iHH^1^ 
List of Publications 
Papers published / communicated in journals 
1. Structural, electrical transport and x-ray absorption spectroscopy (XAS) 
studies of LaFej.xNijOa (x<0.6); Ravi Kumar, R.J. Choudhaiy, 
M. Wasi Khan, J.P. Srivastava, K. Asokan, C.W. Bao, H.M. Tsai and 
W.F. Pong; J . Appl. Phys. 97, 093526 (2005). 
2 . Influence of anti-phase boundary (APB) density on the conduction noise 
properties of epitaxial Fe304 thin films; S.K. Arora, Ravi Kumar, 
M. Wasi Khan, J.P. Srivastava, R.G.S. Sofin and I.V. Shvets; J. Appl. 
Phys. 97, 10C310 (2005). 
3 . Exposition of semiconducting and ferromagnetic properties of pulsed 
laser deposited thin films of LaFei.xNijtOa (x=0.3, 0.4 and 0.5); 
R.J. Choudhaiy, Ravi Kumar, M. Wasi Khan, J.P. Srivastava, S.I. Patil, 
S.K. Arora and I.V. Shvets; Appl. Phys. Lett. 87, 132104 (2005). 
4. Ferromagnetism in 200MeV Ag**^  ions irradiated Co-implanted ZnO 
thin films; B. Angadi, Y.S. Jung, W.-K. Choi, Ravi Kumar, K. Jeong, 
J.H. Lee, J.H. Song, M. Wasi Khan and J.P. Srivastava; Appl. Phys. 
Lett. 88, 142502 (2006). 
5. Effect of 200MeV Ag*^ ^ ion irradiation on structural, electrical and 
magnetic properties of Fe304 thin films; Ravi Kumar, M. Wasi Khan, 
J.P. Srivastava, S.K. Arora, R.G.S. Sofm and I.V. Shvets; J . Appl. Phys. 
(in press). 
6. Tailoring the electrical and magnetic properties of LaFeo.sNio.5O3 thin 
films by swift heavy ion irradiation; R.J. Choudhary, Ravi Kumar, 
M. Wasi Khan, J.P. Srivastava, S.I. Patil, S.K. Arora and I.V. Shvets; 
J. Appl. Phys. (communicated). 
7. Photoluminescence studies of 200MeV Ag*'^  ion irradiated Co-
implanted ZnO thin films; Basavaraj Angadi, Y.S. Jung, W.K. Choi, 
Ravi Kumar, Fouran Singh, K. Jeong, J.H. Lee, J.H. Song, 
M. Wasi Khan and J.P. Srivastava; Appl. Phys. Lett, (communicated). 
A study of the effect of SHI irradiation on List of publications v i i 
Papers contributed in conferences / symposia 
1. Structural, transport and electronic properties of Ni-doped LaFeOa; 
M. Wasi Khan, Ravi Kumar, K. Asokan and J.P. Srivastava; 48* DAE 
Solid State Physics Symposium held at Gwalior during Dec. 26-30, 
2003. 
2. Transport and magnetic properties of LaFe^^NixOa thin films; 
M. Wasi Khan, Ravi Kumar, R.J. Choudhary, J.P. Srivastava, S.I. Patil, 
S.K. Arora and I.V. Shvets; 49* DAE Solid State Physics Symposium 
held at Amritsar during Dec. 26-30, 2004. 
3 . Influence of antiphase boundary density on the conduction noise 
properties of epitaxial magnetite thin films; Ravi Kumar, 
R.J. Choudhaiy, S.K. Arora, M. Wasi Khan, J.P. Srivastava and 
I.V. Shvets; 49* DAE Solid State Physics Symposium held at Amritsar 
during Dec. 26-30, 2004, 
4. Ferromagnetic and Photoluminescence studies in 200MeV Ag*^ ^ ions 
irradiated Co-implanted ZnO thin films; Ravi Kumar, M. Wasi Khan, 
J.P. Srivastava; 50* DAE Solid State Physics Symposium held at BARC 
during Dec. 5-9, 2005. 
5. 1//noise studies of swift heavy ion irradiated magnetite thin films; 
M. Wasi Khan, Ravi Kumar, J.P. Srivastava, S.K. Arora, 
R.J. Choudhary and I.V. Shvets; International conference on 
optoelectronic materials and thin films for advanced technology 
(OMTAT), held at Cochin University during October 24-27, 2005, 
Kerala, India. 
CONTENfTS 
Pages 
Title Page i 
Dedication ii 
Certificate iii 
Acknowledgements^.., iv 
List of Publications. vi 
List of Contents viii 
INTRODUCTION 1-11 
CHAPTER 1 THEORETICAL METHODS 12-42 
1.1 Introduction 12 
1.2 Stractnral Analysis of the X-ray Data. 12 
1.2.1 PowderX. 13 
1.2.2 The Rietveld Method. 14 
1.2.3 FullProf 17 
1.3 Theory of X-ray Absorption Spectroscopy. 18 
1.3.1 The Physics of EXAFS Oscillation....„ 22 
1.4 Electrical Condnction 23 
1.4.1 Variable Range Hopping Model 23 
1.4.2 The Verwey Transition. 26 
1.4.3 Cheu^e Ordering in Magnetite 29 
1.4.4 Electrical Resistivity. „„ 30 
1.4.5 Heat Capacity 31 
1.4.6 Magnetic Properties 31 
1.5 1/f Noise 32 
1.5.1 Basic Models of 1/f Noise.„ 33 
1.5.2 General Conclusion on 1/f Noise. 40 
References 41 
CHAPTER 2 EXPERIMENTAL AND CHARACTERIZATION 43-69 
TECHNIQUES 
2.1 Introduction. 43 
2.2 Sjmthesis of Bulk Blaterials 43 
2.3 Thin Film Deposition. 44 
2.3.1 Pulsed Laser Deposition 45 
2.3.2 Molecular Beam Epitaxy 48 
2.4 Swift Heavy Ion Irradiation. 50 
2.5 Sample Characterization Techniques 54 
2.5.1 X-ray Diffraction 54 
2.5.2 Diffraction Techniques 55 
2.5.3 X-ray Absorption Spectroscopy 58 
2.5.4 Atomic Force Microscopy 59 
2.5.5 Magnetic Force Microscopy 60 
A study of ihe effect of SHI irradiation on Contents ix 
2.6 Measurement of Electrical and llagnetic Properties 61 
2.6.1 Electrical Resistivity Measurement 61 
2.6.2 Noise Measurement „ _ 61 
2.6.3 Measurement of Magnetic Properties 64 
2.6.3.1 Alternating Gradient Field Magnetometer. 64 
References 67 
CHAPTER 3 STRUCTURAL AND ELECTRICAL TRANSPORT 70.90 
STUDIES OF Ni-DOPED LaFeO, 
3.1 Introduction... ™ „ 70 
3.2 Bi^erimental 72 
3.3 Results and Discussion. 73 
3.3.1 X-ray Diffraction 73 
3.3.2 Electrical Resistivity 80 
3.3.3 X-ray Absorption Spectroscopy 83 
3.4 Sununary .. 87 
References 89 
CHAPTER 4 SEMICONDUCTING AND FERROMAGNETIC 9 i - i 12 
PROPERTIES OF Ni-DOPED LaFeOjTHIN 
FILMS BEFORE AND AFTER IRRADIATION 
4.1 Introduction. 91 
4.2 Experimental. „ 93 
PART I : UNIRRADIATED SAMPLES 94 
4.3 Resul ts and Discussion..„ 94 
4.3.1 X-ray Diffraction „„ 94 
4.3.2 Electrical Resistivity 96 
4.3.3 Magnetization „ 98 
4.3.4 1 /f Noise 99 
4.4 Summary „„ 101 
PART n: IRRADIATED SAMPLES 102 
4.5 Results and Discussion. 102 
4.5.1 X-ray Diffraction 102 
4.5.2 Electrical Resistivity 105 
4.5.3 Magnetization 107 
4.6 Summary 110 
References I l l 
CHAPTERS SHMRRADIATION INDUCED MODIFICATIONS 113-149 
IN MAGNETITE THIN FILMS 
5.1 Introduction. 113 
5.2 Experimental 119 
PART I : UNIRRADIATED SAMPLES 122 
5.3 Results and Discussion. 122 
5.3.1 X-ray Diffraction 122 
A study of the effect of SHI irradiation on Contents x 
5.3.2 Electrical Resistivity 123 
5.3.3 Magnetization 124 
5.3.4 1 /f Noise „ 126 
5.3.5 Magnetic Force Microscopy 133 
5.4 Summary _. 134 
PART n: IRRADIATED SAMPLES 135 
5.5 Results and Discussion 135 
5.5.1 X-ray Diffraction 135 
5.5.2 Electrical Resistivity 140 
5.5.3 Magnetization „ 143 
5.5.5 Magnetic Force Microscopy 144 
5.6 Summary 146 
References 147 
CHAPTER 6 SUMMARY 150-155 
6.1 Ni-Doped LaFeOa 150 
6.1.1 Bulk. 150 
6.1.2 Thin Films 151 
6.1.3 Swift Heavy Ion (SHI) Irradiation Effect on Ni-Doped 
LaFeOa Thin Films 152 
6.2 Fe304 Thin Films 153 
6.2.1 SHI Irradiation Effect on Fe304 Thin Films 154 
Appendix RESEARCH PAPER ON ZnO 156-158 
Introduction 
Ferromagnetic (FM) semiconductors are materials that simultaneously 
exhibit semiconducting properties and the spontaneous long-range FM 
order. Classic examples include the europium chalcogenides and the 
chalcogenide spinels, both extensively studied.' The coexistence of these 
properties in a single material provides fertile ground for fundamental 
studies.^ However, device applications have languished because of low 
magnetic ordering (Curie) temperatures and the inability to incorporate 
these materials in thin film form with mainstream semiconductor device 
materials. 
The interest in ferromagnetic semiconductors (FMS) was rekindled 
with the discovery of the spontaneous FM order in ^j.^Mn^As in 1989' and 
Gai.xMn^As in 1996,2-3 when the FM properties were realized in 
semiconductor hosts already widely recognized for semiconductor device 
applications. These new FMS materials exhibit Curie temperatures up to 
35 K and 110 K, respectively, for Mn concentrations of the order of 5% and 
sufficiently high hole densities and have been closely studied for their 
potential in future spin-dependent semiconductor device technologies. For 
example, Ga^xMn^As has been used as a source of spin-polarized carriers in 
both light-emitting diodes and resonant tunnelling diode heterostructures. 
The FM order as influenced by the electric field control has recently been 
reported in Ini.xMn^As heterostructures, demonstrating one of the unique 
properties of these materials and portending a host of new applications. The 
experimental evidence for Curie temperatures above 300 K has been 
reported in other materials, such as CdMnGeP2. 
Tailoring materials with ferromagnetic and semiconducting properties 
combined in a material has been a long-cherished goal. The advantage with 
FMS lies in their potential as spin polarized ceirrier sources and easy 
integration into semiconductor devices. An ideal FMS should have a Curie 
temperature above room temperature and be able to incorporate not only 
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p-type, but also n-type dopants. But the goal of producing such materials 
has remained mostly elusive because of the difference in crystal structure 
and chemical bonding of component materials. FMS are the materials for 
spin electronics (Spintronics) that demands a h i ^ level of the carrier spin 
polarization near room temperature. Spintronics is a new emerging field with 
devices projected to have immense applications for magneto-optic 
semiconductors, enhanced data speed, qubits, non-volatile RAM, decrease in 
power consumption, increased integration densities compared to 
conventional semiconductor devices and so on. In a spintronics device, the 
spin degree of freedom of a charge carrier is exploited in addition to the 
charge nature of the carrier providii^ a prospect to interplay or combine the 
property of magnetism, electronics and optics in a single system. A large 
electron spin polarization has been detected at low temperatures in some 
mixed valence perovskites. But it vanishes near room temperature and 
above.* 
Extensive work has been carried out both at the theoretical as well as 
the experimental level for several decades. This has led to a breakthrough 
for several systems, which illustrate significant magnetic properties. The 
transition is associated with imusual transport properties, including a large 
value of magnetoresistance in the vicinity of the transition. These materials 
got intense scientific importance during the past few years in view of 
possible technological applications e.g. bolometer, magnetic sensors etc. 
Transition-metal perovskites form a very interesting group of materials 
because of extremely rich variety of their electrical properties, from a large-
gap insulator to a metal and magnetic properties such as nonmagnetism to 
magnetism, antiferromagnetism to ferromagnetism.^-^ These phenomena 
have been observed in a family of doped manganites with perovskite 
structure of chemical formula Ri.xAxMnOa (\diere R is a rare earth ion and A 
is a divalent alkaline earth metal ion). Rare earth occupies the A-site of the 
ABO3 structure while B site is occupied by Mn ions. 
Furthermore, 3d transition metal oxides, particularly the manganites, 
are being exploited from the prospects of having improved device 
performance relative to the GMR materials. Also these oxides display a 
diverse nature of properties such as paramagnetic to ferromagnetic 
transition accompanied by insulator to metal transition and the realization 
of high magnetoresistance on application of a relatively low magnetic field. 
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Historically, magnetoresistance in manganites is known to transpire since 
fifties.'' But recent inquisitiveness about manganites has developed as a 
consequence of the evidence for high magnetoresistance values at room 
temperature and low magnetic field due to interplay of spin, charge and 
lattice distortion.* Although vigorous efforts have been devoted to the 
theoretical aspects of these materials,**" the understanding of the basic 
mechanism of the origin of colossal magnetoresistance (CMR) is yet eluding. 
The undoped transition metal oxide LaMnOa is an antiferromagnetic 
charge transfer insulator where Mn is in +3 valence s ta te . " If any divalent 
atom (such as Ca^*, Pb^*, Sr"*, Ba^* etc.) is doped at La site for instance, 
Lai-xCa^MnOa, it converts Mn*^ to Mn** state in proportion of the doping 
concentration. This is equivalent to the hole doping in the system. The hole 
doping induces a number of dramatic changes in the electrical and magnetic 
properties of the parent LaMnOa compotind, such as insulator-metal 
transition, paramagnetic-ferromagnetic transition, CMR, charge ordered 
state, phase separation, e tc ." In the light of these rich physical properties, 
the hole doped LaMnOa has the potential for promising device applications 
such as magnetic sensors, magnetic valves, read head technology, 
bolometric application, 6tc.^*-'^ However, these properties strongly depend 
on the ionic radii of the divalent cation and the concentration of doping 
which govern the distortion of MnOe octahedra. A small change in the 
chemical composition, like the ratio between the amounts of trivalent and 
divalent ions at the A site or the average ionic radius of the ions on the A 
site, can induce large changes in the physical properties. To be specific, the 
ferromagnetic coupling and the metal-insulator transition temperature are 
very sensitive to the change of these parameters. The application of a 
magnetic field, hydrostatic pressure or the change in temperature produce 
similar effects. The electrical and magnetic properties of the doped LaMnOa 
have been explained in terms of the Zener's double exchange^' and J ahn 
Teller distortion.^* Although some researchers'^-^" believed that the double 
exchange (DE) model is very rough and could not alone explain very large 
resistivity of the insulating phase, it still remains the main and essential 
theoretical mechanism used to explain the anomalous phenomena. The 
electronic transport properties of the transition metal oxides strongly 
correlate with their magnetic properties and the crystal lattice. Several 
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properties and transitions cannot be described by simple one-electron 
models. Tliese compounds are thus part of the strongly correlated electron 
systems. 
On the other hand Mn-site substituted materials of the form 
LaMnj.^jOa (M=Co, Ni) have been studied well to ascertain the spin states^^ 
of Mn and M ions. The Co-doped system, however, has received more 
attention.22 The composition with x = 0.5 is reported as a two ferromagnetic 
phase structure with Tc=225 K (Rhombohedral) and 150 K (Orthorhombic). 
The spin states are trivalent as high spin Mn^* and low spin Co^* in the 
high-Tc phase whereas the ions are present as Mn** and Co^* in the low-Tc 
phase. In the high-Tg phase, Co^* ion is considered to stay in the low spin 
state [3d (^t2g^ t tzg^ J'), S=0], like in LaCoOj which is Pauli paramagnetic and 
the ion has no contribution to the ferromagnetic moment of the system. 
Nevertheless, Yang, Ye and Xie^^ have found non-zero magnetic moment for 
Co ions in the lower Co-doped systems. They have confirmed (theoretically 
and experimentally) for x=0.5 that the orthorhombic phase with interlacing 
doping type is most stable. This observation is supported by the work of 
Troyanchuk et al.^^ where mixed superexchange interactions of the lype 
Mn^^-O-Mn'**, Mn^^-O-Mn^* and Mn^^-O-Co^*, have been considered to 
explain the magnetic properties of LaMnj.xCOxOa. 
Under the motivation to search the FMS systems at room temperature 
for use in modem clectromcs we decided to investigate the effect on the 
electrical and magnetic properties of Ni doped LaFeOa at various 
concentrations of nickel. Related questions that are to be addressed are: 
How does the lattice parameters, electronic and electrical resistivity change 
with Ni substitution? What is the effect of temperature on electrical 
resistivity? Does the system show ferrom^netic behaviour at room 
temperature? It is also interesting to know how the abovementioned 
properties vary with the effect of swift heavy ion (SHI) irradiation. In order to 
understand these interesting questions, we undertook the synthesis of a 
series of LaFe^xNi^Og (x=0.0 to 0.6) to have a detailed study of structural, 
electrical transport and magnetic behaviour. It is found that all these 
properties depend on the concentration of the dopant, the temperature and 
the fluence of SHI. 
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LaFeOa is a 3d transition metal oxide, an antiferromagnetically 
ordered insulator at room temperature (Neel temperature, TN = 740 K) with 
Fe^* ions in an orthorhombic environment and a charge transfer gap of 2 eV. 
A wide range of electrical and structural properties have been observed by 
changing the concentration of charge carriers in perovskites such as 
LaFei.jtNixOa, where x is the fraction of doping. Earlier workers found that 
100% Ni doped system (LaNiOa) is metallic with highly correlated conduction 
electrons of large effective mass and low density of states near Fermi energy, 
Ep [0.5-1.0 state/eV per unit cell]. 
Another material representing a typical class of magnetic materials 
that have lately triggered the interest among the material scientists is 
magnetite (Fe304) with potential of application in the spintronic devices. 
Magnetite (Fe304) is the oldest magnetic material known to man. It is 
abundantly found in nature (especially in rocks) and was first discovered by 
man in Greece around 2000 BC. It was found in the region called Magnesia, 
from which the names magnetite and magnetism were derived. Magnetite 
has the inverse spinel Fe^*(Fe2*Fe^*)04 crystal structure. The conventional 
unit cell of magnetite contains 32 oxygen ions packed in an fee lattice: 8 Fe 
ions placed at sites with tetrahedral oxygen coordination (A sites) and 16 Fe 
ions placed at sites with octahedral o^gen coordination (B sites). The two 
crystal sites are very different and result in complex forms of exchange 
interactions of the iron ions between and within the two types of sites. In 
stoichiometric magnetite the A site Fe ions are Fe^* and the B site ones are 
equally likely to be Fe^* and Fe^*. 
Magnetite is m^ne t i c at room temperature; in fact it is ferrimagnetic 
with a very high Curie temperatvu^ of 858 K.^ '*'^ ^ Not only is it magnetic at 
room temperature, magnetite also shows a normal metallic behaviour in the 
minority spin, while at the same time there is gap of ~0.5 eV in the majority 
of spin at the Fermi level. These properties make it a very interesting 
candidate for m^ne t i c recording and spin-valve applications. The electron 
transport in Fe304 is predicted to be fuUy spin-polarized,^'* such that it is 
one of the important half metallic ferromagnetic materials (HMFM), which 
combines its high degree of spin polarization. liigh conductivity of magnetite 
in the high temperature phase is a natural consequence of the partially filled 
nature of the d-band of the B-site (octahedral cation sites of the spinel 
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Structure of Fe304) Fe atoms. Magnetite undergoes a metal-insulator (MI) 
transition accompanied by a structural change from cubic to monoclinic 
phase, known as Verwey transition. The Verwey transition temperature (Ty) 
for the stoichiometric bulk Fe304 is around 120 K. Verwey transition is a 
consequence of the band splitting caused by the electronic correlations and 
the electron-phonon interactions. 
The epitaxial growth of magnetite has been studied on a variety of 
substrates.26-31 xhe most commonly used substrate is MgO due to its small 
lattice mismatch with Fe304 (ape3O4=0.8397 nm, aMgo=0-4213 nm). However, 
the Fe304/MgO hetero-epitaxy suffers from the formation of antiphase 
boundaries (APBs). The APBs are formed as natural growth defects resulting 
from the differences in translational and rotational symmetries of the 
substrate and thin film.^^-^^ Therefore it is important to know their structure 
and distribution. A convenient way to study the APBs is the investigation by 
transmission electron microscopy (TEM) of films that have been lifted off the 
MgO substrate. 
The presence of APBs was found to affect the electronic band 
structure and magnetic interaction in the vicinity of APBs. Due to the 
modified cationic configuration at the APB, the nature of magnetic exchange 
interactions is modified.^' In the majority of APB configurations these 
superexchange interactions are predominantly antiferromagnetic and 
responsible for the exhibition of unsaturated magnetic moment in the 
presence of high magnetic fields and super-paramagnetic behaviour^s in 
ultra-thin Fe304 films. At a significant fraction of these boundaries, an 
antiferromagnetic coupling is present and the APBs thus have a strong 
influence on the spin-polarized conduction electrons of Fe304. 
Even though the presence of APBs reduces the efficiency of Fe304 spin 
valve mxiltilayers, they also open up a new type of spin-valve application. 
The APBs themselves will also act like a spin-valve, giving rise to 
magnetoresistance within a single layer. The advantage of this type of spin-
valve is that it does not require a multilayer structure, thus reducing the 
number of interfaces and the Fe304 domains on both sides of the boundary 
have the same band structure. Furthermore, the domains are structurally 
intergrown and the magnetic properties of adjacent domains are strongly 
coupled. The APBs are atomically sharp interfaces without a disordered 
region with switchable magnetic properties. 
A study ofthe effect of SHI irradiation on Introduction 7 
The motivation for the work on Fe304 is to produce a realistic 
description of the geometrical and magnetic structure at the APBs to study 
and describe their influence on the physical properties of the films. 
Therefore, the main aim of this work is to study the spin dependent 
transport across the APBs. Related questions that are be addressed are: 
How does the presence of APBs influence the physical properties such as 
electrical resistivity, magnetic and i / /no ise of these films? What is the exact 
structure at the boundaries and how can we influence the APB density? 
What are the effects of SHI irradiation on APBs? In order to address these 
questions, we have grown Fe304 thin films on MgO substrate and 
systematically studied their microstructure, electrical and magnetic 
properties. 
We have also studied the effect of swift heavy ion (SHI) irradiation on 
abovementioned systems. A significant modification was observed in the 
electronic and magnetic properties of the material. 
Chapter 1 gives a brief account of the theoretical aspects involved in 
the present work. The theory of Rietveld refinement method gives 
background of different parameters refined during structural analysis. The 
theory used to interpret the x-ray absorption spectra (XAS) for the 
determination of the electronic structure of the ions has been discussed. For 
the electrical resistivity we describe variable range hopping (VRH) modal 
proposed by N. F. Mott and the Verwey transition. We have also given a brief 
description of various models on 1/f noise. 
Chapter 2 describes various e3q)erimental techniques used for the 
preparation and characterization of samples. These include sample 
preparation techniques: solid-state reaction route for bulk and pulsed laser 
deposition (PLD), molecular beam &pitaxy (MBE) techniques for the thin 
films. We have also described different techniques used for sample 
characterization such as x-ray diffraction (XRD), x-ray absorption 
spectroscopy (XAS), electrical resistivity, 1/f noise, magnetization, atomic 
force microscopy (AFM), magnetic force microscopy (MFM) and swift heavy 
ion (SHI) irradiation. 
Chapter 3 is devoted to the investigations of the structure and 
electrical properties of bulk samples of LaFei.xNijjOa (x=0.0 to 0.6). We 
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synthesized samples of LaFei.xNixOa (x = 0.0 to 0.6) using solid-state reaction 
route. These samples have been checked for their phase purity by means of 
powder x-ray diffraction (XRD) technique and found to be single phase. A 
detailed study has been made on how the structure and lattice constant or 
volume of the unit cell of LaFeOa change on doping with Ni up to the 60%, 
using x-ray diffraction data. Further, we have refined the data using Rietveld 
refinement programme. The electrical resistivity measurements were 
performed using conventional four-probe technique in the temperature 
range 9-300 K. All the samples show semiconducting behaviour and the 
experimental data were fitted in the Mott's variable range hopping (VRH) 
model. We estimated the activation energy as a function of temperature 
above which the VRH model is applicable for the studied samples. The 
electronic structure studies have been made using x-ray absorption 
measurement at O-K, Fe-La.aNi- l^z and La- M45 edges. 
Chapter 4 explains the preparation and results of the electrical and 
magnetic measurements on LaFei.jNijtOa (x=0.3, 0.4 and 0.5) thin films. We 
used PLD technique for thin film deposition of LaFei.jtNi^ Oa {x=0.3, 0.4 and 
0.5). The resistivity versus temperature plots of all films show 
semiconducting behaviour and the experimental data were fitted in the 
Mott's variable range hopping model over the whole range of temperature 
(80-300 K). The magnetic measurements were performed for ferromagnetic 
behaviour of the sample at room temperature. The estimated magnetic 
moment values decrease with the doping of Ni ion. We have also performed 
1/f noise measurements in the temperature range 80-300 K. The Hooge 
parameter (y) at room temperature was calculated from the results of noise 
measurements for each film. The effect of swift heavy ion (SHI) irradiation 
with fluence values in the range 5X10^ ° to IXIO^* ions/cm^ at room 
temperature on thin films of LaFeo.5Nio.5O3 has been also discussed in this 
chapter. The SHI irradiation effects show a decrease in electrical resisitivity 
over the whole range of the temperature for all the thin films. The interesting 
feature is that the magnetization is doubled on irradiation with the first 
dose. 
Chapter 5 describes the results of our investigations on Fe304 thin 
films. We have grown the thin films of various thicknesses 15, 40 and 70 imi 
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on MgO substrate by molecular beam epitaxy (MBE) techniques. The 
conditions for growing the films were settled so that antiphase boundaries 
may be produced. The rocking curves for different planes were obtained. 
Magnetization loops observed at room temperature clearly show that the 
magnetization does not saturate with available fields. We have shown how 
the Verwey transition temperature and the magnetic domains are affected 
with increase in the thickness of the films. Magnetic force microscopy (MFM) 
also confirm above results. The low fi-equency noise (1/f) measurements 
show the decrease in the normalized noise with increase of film thickness. 
Our experimental results reflect the presence of APB's. In this chapter, we 
also present our resvilts on effects of SHI irradiation on Verwey transition 
temperature, magnetization and phase modification in epitaxial Fe304 thin 
films. 
In Chapter 6 we summarize our experimental results and analyses on 
Ni doped LaFeOa and Fe304 thin films. On the basis of these results we 
conclude that Ni doped LaFeOa can be a candidate for a spintronics. The 
ferromagnetic and semiconducting properties at room temperature suggest 
that this system is also useful for new memory elements. Our results on 
Fe304 confirm that the APB's affect the Verwey transition temperature, 
magnetic moments and 1/f noise of the ^ s t em. Thus by conjrolling these 
APB's we can make the system more useful. 
Furthermore, the results of powder x-ray diffiraction and temperature 
dependence of resistivity, magnetization, 1/f nose and MFM performed on 
irradiated samples suggest that the swift heavy ion irradiation can be used 
as a productive technique to modify the structural and electronic transport 
properties of the systems. 
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1 
Theoretical methods 
1.1 INTRODUCTION 
In this chapter we describe the basic physical concepts and theories that 
have been used to interpret experimental results presented in the thesis. 
The description includes: the PowderX, Rietveld refinement method for x-ray 
data, x-ray absorption spectroscopy (XAS), variable range hopping (VRH) 
model, Verwey transition and the various model of 1/f noise have been 
explained. 
1.2 STRUCTURAL ANALYSIS OF THE X-RAY DATA 
In order to understand the properties of the materials and to improve them, 
their structure has to be known. An effective way to do this is by means of 
diffraction techniques using neutrons firom nuclear reactors and particle 
accelerators or x-rays from x-ray tubes and synchrotrons. The single crystal 
diffraction technique, using relatively lalrge crystals of the material gives a 
set of separate data fi-om which the structure can be obtained. However, 
most materials of technical interest cannot grow in the form of large 
crystals, so one has to resort to the i^owder diffraction technique using 
material in the form of very small crystallites. The drawback of this 
conventional powder method is that the data grossly overlap, thereby 
preventing proper determination of the structure. The "Rietveld Method" 
creates an effective separation of these overlapping data, thereby allowing an 
accurate determination of the structure. 
The method has been so successful that nowadays the structure of 
materials in the form of powders is routinely being determined nearly as 
accurately as the results obtained by single crystal diffraction techniques. 
An even more widely used application of the method is in determining the 
components of chemical mixtures. This phase analysis is now routinely used 
in industries ranging from cement factories to the oil industry. 
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The analysis of x-ray data in the present work has been carried out 
using various computer softwares. Those used prominently in the present 
work are PowderX^ and PullProP. We have used these softwares to obtain 
the space group, unit cell parameters and site occupancies etc. of all the 
studied polycrystalline samples. 
1.2.1 PowderX 
It is window based computer software, which has been written for powder 
x-ray data processing and analysis. It can be used for plotting x-ray 
patterns, data smoothening, background subtraction, aj elimination, peak 
search, indexing and zero-angle error correction. The features of PowderX 
can be summarized as: 
> PowderX can read 13 data formats, from either angular-dispersive or 
energy dispersive x-ray diffraction, used in various diffractometers 
made by Mac Science, Philips, Siemens, Rigaku etc. It can also write 
many data fonnats used for ab-initio structural calculation and 
Rietveld refinements (FULLPROF, EXPO, DBWS, GSAS, RIETAN etc.). 
> It displays both the previous data and the data atfter processing so 
that it becomes very easy to see the effects of the processes during 
smoothening, bac l^ound subtraction and a2 elimination. 
> It offers a simple method for parameters input and it makes easy to 
use interfaces. 
> It provides for various methods of data smoothening, a2 elimination 
and peak search are available, so that the user can find optimum 
method for his data set. The high-angle side fluctuation is less than 
0.5% of the peak intensity in our method for Cu-Kocj elimination, 
which is much better than conventional Rachinger and Ladell 
method. 
> It edits the control file using graphical interfaces for pattern fitting 
programme Simpro. 
> Several other programmes, dud (the calculation of diffraction angles 
and crystal plane spacings from the lattice parameters). Lazy 
(generation of the simtilated powder x-ray diffraction patterns), 
Treor90 (Index) and Eracel have been included in this system with 
user-friendly interfaces. 
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1.2.2 The Rietveld Method 
The Rietveld method is a powerful and relatively new method for extracting 
detailed crystal structure information from x-ray and neutron powder 
diffraction data. The structural details dictate much of the physical and 
chemical attributes of materials, thefr knowledge is very important to 
understand the properties. Since most materials of technological interest are 
not available as single crystals but often are available only in polycrystaUine 
or powder form. The Rietveld method has become very important and is now 
widely used in all branches of science, which deal with materials at the 
atomic level. It is called "Rietveld method" named after Dr. H. M. Rietveld,^'* 
because of his work and open-handed sharing of all aspects. He was the first 
who worked out a computer based £inalytical procedure to make use of the 
full information content of the powder pattern, put it in public domain by 
publication of two seminal papers and shared freely and widely his 
computer programme. 
In the Rietveld method, the least squares refinements are carried out 
until the best fit is obtained between the entire observed powder diffraction 
pattern taken as a whole and the entfre calculated pattern based on the 
simultaneously refined models for the crystal structure, diffraction optic 
effects, instrumental factors and other specimen characteristics (e.g., lattice 
parameters) as may be desfred and can be modeled.^-^ 
For a Rietveld refinement, it is essential that the powder diffraction 
data be collected properly. The data are recorded in digitized form i.e., as a 
numerical intensity value, yj, at each of the several thousand equal 
increments (steps) i, in the pattern. Depending on the method, the 
increments can be scattering angle, 26 or wavelength (x-ray data collected 
with an energy dispersive detector and an incident beam of Vhite' 
x-radiation). For constant wavelength data, the increments are usually steps 
in the scattering angle and the intensity y^ at each step i in the pattern is 
measured directly with a quantum detector on a diffractometer. Factors 
affecting the data collection that are taken into consideration before the 
collection are: the geometry of the diffractometer, the quality of the 
instrument alignment and calibration, the most suitable radiation (e.g., 
conventional x-ray, synchrotron x-ray or neutron), the wavelength, 
appropriate sample preparation and thickness, slit sizes and necessary 
counting time. 
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Typical step sizes range from 0.01 to 0.05 in 26 for a fixed wavelength 
x-ray data and a bit larger for fixed wavelength neutron data. To ensure 
good counting statistics throughout an x-ray powder diffraction pattern, 
more time should be spent on data collection at high angles where the 
intensities are lower. An appropriate data-collection strategy depends on the 
nature of the samples (e.g., how well it scatters, how quickly the pattern 
degrades, peak-broadening effects and the degree of peak overlap). Ideally 
the step size =FWHM/5, FWHM=full width at half maximum, as there are at 
least five steps across the top of each peak. The time per step should 
approximately compensate for the gradual decline in intensity with 29. 
With a complete structure model and good starting values for the 
background contribution, the unit cell parameters and the profile 
parameters, the Rietveld refinement of structural parameters can begin. The 
profile fit is best seen in a plot but can also be followed numerically with a 
reliability factor or R factor. The difference plots indicate whether a high 
i?-value is due to a profile-parameter problem (i.e., total intensity is 
approximately correct but there are differences in the peak form) or to a 
deficiency in the structural model (i.e., integrated intensity does not match). 
An approximate strategy for refinement can be formulated as the following. 
Changes in positional parameters cause changes in structure-factor 
magnitudes and therefore in relative peak intensities, whereas atomic 
displacement (thermal) parameters have the effect of emphasizing the high-
angle region (smaller thermal parameters) or de-emphasizing it (larger 
thermal parameters). The scale, the occupancy parameters and the thermal 
parameters are highly correlated with one another and are more sensitive to 
the background correction than positional parameters. All parameters 
(profile and structural) should be refined simultaneously to obtain correct 
estimated standard deviation. 
R-values 
AJthough a difference profile plot is probably the best way of following and 
guiding a Rietveld refinement, the fit of the calculated pattern to the 
observed data can also be given numerically. This is usually done in terms 
of agreement indices or i?-values. 
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The weighted-profile i?-value, R^, is defined as: 
Kp - 'ZwMobs)-y.{calc)Y/Y,wMobs)y 
nl/2 
where yi(obs) is the observed intensity at step i, yiicalc) the calculated 
intensity and >v,the weight. 
From a purely mathematical point of view, R^ is the most meaningful 
of these R's because the numerator is the residual being minimized. For the 
same reason, it is also the one that best reflects the progress of the 
refinement. Ideally, the final R^ should approach the statistically expected 
i?-value, K^p, 
exp (N - P)/Y,^,yXobsy 
where N is the number of observations and P the number of parameters. 
Rexp reflects the quality of the data (i.e., the counting statistics). Thus 
the ratio between the two is another useful numerical criterion, called the 
goodness of fit. It is generally given as, x^ and expressed as: 
x'=KJR, wp • '-exp .(1.1) 
If the data have been 'Over-collected', R^ will be very small and x^  for 
a fully refined structure much larger than 1. Conversely, if the data have 
been 'under-collected', R^ will be larger and x^ could be less than 1. 
One of the great successes of the Rietveld analysis has been in its 
crucial contributions to the development of the field of high temperature 
superconductors. Diffractionists at the best neutron diffraction facilities in 
1987-soon after the discovery of first really high T^ superconductor (Tc=90 K) 
at Brookhaven National Laboratory in the USA; the Rutherford-Appleton 
Laboratory in the UK and many other groups around the world studied 
larger samples of the polycrystalline matrix, performed Rietveld analysis 
with several different starting models and all came to the same conclusion in 
detail. The structure was correctly determined from the powder diffraction 
data whereas the x-ray single crystal results gave errors. 
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1.2.3 FullProf 
It is Rietveld refinement programme, which can be used for both x-ray and 
neutron diffraction data. It is mainly used for Rietveld analysis (structure 
profile refinement) of neutron (nuclear and magnetic scattering) or x-ray 
powder diffraction data collected as a function of the scattering variable T 
(29 or TOF). The programme can be also used as a Profile Matching tool, 
without the knowledge of structure. Single crystal refinements can also be 
performed alone or in combination with powder data. The programme 
FullProf is based on the code of the Young 8B Wiles (DBW) programme on the 
code DBW3.2S (Versions 8711 and 8804). The features of FullProf can be 
hi^lighted as: 
> It provides for the choice of the line shape (Gaussian, Lorentzian, 
modified Lorentzians, pseudo-Voigt, Pearson-VII or Thomson-Cox-
Hastings) for each phase. 
> It can be used for both the neutron (constant wavelength and TOF) 
and x-ray (laboratory and synchrotron sources) data. 
> It has provision for the background refinement. 
> Multiphase structure (upto 8 phases) can be refined. 
> Absorption correction for a cylinder, microabsorption correction for 
flat samples can be made. 
> There is a choice between three weighting schemes: standard least 
squares, maximum likelihood and unit weights. 
> It provides for the choice between automatic generation of hJd and/or 
synmietry operators and file given by user. 
> Magnetic structure refinement (crystallographic and spherical 
representation of the magnetic moments). The first method describes 
the magnetic structure in the crystallographic magnetic unit cell, 
making use of the propagation vectors. The second method is 
necessary for incommensurate magnetic structures. 
> Automatic generation of reflections for £in incommensurate structure 
with up to 24 propagation vectors. Refinement of propagation vectors 
in reciprocal lattice units. 
> h, k, i dependence FWHM for strain and size effects. 
> h, k, I dependence of shift and asymmetry for special kind of defects, 
> Profile Matching: The full profile can be fitted without prior knowledge 
of the structure (needs only good starting cell and profile parameters). 
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> Quantitative analysis without the need of structure factor 
calculations. 
> Resolution function (for pseudo-Voigt peak shape) may be supplied in 
a file. 
> Structural or magnetic model could be supplied by an external 
subroutine for special purposes (rigid body, TLS, polymers, form 
factor refinements, small angle scattering of amphifilic crystals, 
description of incommensurate structures in resd direct space etc.) 
> Single crystal data or integrated intensities can be used as 
observations (alone or in combination with a powder profile). 
> Neutron (or x-ray) powder patterns can be mixed with integrated 
intensities of x-ray (or neutron) from single crystal or powder data. 
The requirement for using the FullProf programme is an input file, 
with the description (in proper format) of the assumed structure such as 
space group, atomic positions, occupancy, unit cell parameters etc. The 
programme generates a profile of the assumed structure (or say model) 
using the description we have provided. This pattern is refined to fit the 
observed data. By varying the profile generating parameters in the assumed 
model, a perfect fit with reliable Rietveld profile parameters is obtained. The 
programme has the ability to carryout multi-phase refinement and also to 
carryout magnetic structure refinement in the case of neutron diffraction 
data of magnetic samples. 
In the present work, the fitting was carried out on the samples 
LaFei.xNijOg (x = 0.0, 0.1, 0.3, 0.4, 0.5 and 0.6) with space group Prima. The 
patterns matched very well, giving reliable x^ and /^-values. 
1.3 THEORY OF X-RAY ABSORPTION SPECTROSCOPY 
The most utilized method of spectroscopy using x-rays was invented by 
Maurice de Broglie in 1913, namely, x-ray absorption spectroscopy (XAS). 
XAS is the most appropriate technique for element specific investigations. It 
measures the absorption of x-rays as a function of x-ray energy E=hv. When 
a beam of monochromatic x-ray goes through matter, it loses its intensity 
due to interaction with the atoms in the material. The intensity drops 
exponentially with distance if the material is homogeneous and after 
transmission the intensity is given by 
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.(1.2) / = /oexp(-//x) 
where / and IQ are the transmitted and the incident x-ray intensities 
respectively, ft is the absorption coefficient and x is trie thickness of the 
sample as shown in Fig. 1.1(a). 
More specifically, the x-ray absorption coefficient ^(E) = -d In I/dx is 
determined fi-om the decay in the x-ray beam intensity /w i th distance x 
within the matter. The principle of x-ray absorption is based on the 
determination of the x-ray absorption coefficient pi depending on the photon 
energy hv at a fixed angle of illumination 9. If the absorption coefficient is 
plotted as a function of E as shown in Fig. 1.1(b), the experimental data 
show three general features as: 
(1) an overall decrease in x-ray absorption with increasing energy; 
(2) the presence of a sharp rise at certain energies called edges, which 
roughly resembles step-function increases in the absorption; and 
(3) above the edges, a series of wiggles or oscillatory structure that 
modulate the absorption, typically by a few percent of the overall 
absorption cross section. 
a i_Jl 
1 - ^ 
= « 
l = loe-^ 
SSl 
1 1 
8 5 
\ 
La 
Li 
\ ^ ^ K 
dx Incident Photon Energy 
(a) (b) 
Fig. 1.1 (a) Schematic description of the attenuation of x-rays in matter, (b) 
Schematic view of x-ray absorption coefficient as a function of incident photon 
energy. Four x-ray edges sire shown: K, Li, L3 and L3. Note that the overall decrease 
in absorption as a function of energy is punctuated by four sharp, step-function-like 
increases at each edge. Above each edge are the oscillatory wigQgles known as the 
EXAFS. 
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As the optical excitation of a core level electron requires the binding 
energy Eb as minimum photon energy, the transgression of this energy will 
coincide with an increased absorption coefficient. This leads to the formation 
of absorption edges, which may be indexed by their atomic sub shells 
(K,L,M...). 
Each absorption edge is related to a specific atom present in the 
material and more specifically, to a quantum-mechanical transition that 
excites a particular atomic core orbital electron to the free or unoccupied 
continuum levels. The nomenclature for x-ray absorption reflects this origin 
in the core orbital as shown in Fig. 1.2 e.g. iiT-edge refers to transitions that 
excite the innermost I s electron. The transition is always to unoccupied 
state i.e., a state with a photoelectron above the Fermi energy, which leaves 
behind a core hole. The resulting excited electron is often referred as a 
photoelectron and in a solid generally has enough kinetic energy to move 
free through the material. 
E 
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Fig. 1.2 Relation of the x-ray absorption edges and the corresponding excitation of 
core electrons. The arrows indicate the threshold energy of each edge. 
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The energies of the edges are unique to the type of atom that absorbs 
the x-ray and hence themselves are signatures of the atomic species present 
in a material. Beyond the absorption edge the intensity of a monochromatic 
x-ray passing through a medium of thickness d will follow the absorption 
law 
1= lo exp (-pcd), ]x a Z/(hv) , 3< x< 4 
where jx depends on the atomic number Z and decreases with increase in 
photon energy hu7 
Only sufficient photon energy enables the photo excitation of a core 
level electron beyond the vacuum level £^c- After IXlO"'^ seconds^ the 
ionized atom may relax by occupation of the core hole with an electron from 
the valence band. The generated energy will normally not be used for the 
emission of a fluorescence photon but will be absorbed for the vacuum 
emission of an Augur electron from the valence band. 
A high-resolution spectrum also exhibits fine structure extended up 
to ~500-1000 A above each absorption edge. This is extended x-ray 
absorption fine structure (EXAFS) and it is referred to as "extended" to 
distinguish it with the fine structure in the immediate vicinity of the 
absorption edge, whose origin is of different nature. "EXAFS" is 
characteristic of condensed matter and it is not present in noble gases. The 
EXAFS details are different above the absorption edge of the same element 
in different compounds. These observations suggest that EXAFS is caused 
by and is sensitive to the atomic environment of the absorbing atoms. In 
case of EXAFS, absorption coefficient pL oscillates about the behaviour 
predicted by the absorption law. The EXAFS spectrum is denoted by x(E) 
and phenomenologically defined as the normalized, oscillatory part of the 
x-ray absorption above a given edge 
X(E\ = [p{E)-MEi]/^MEi (1.3) 
where pi^m is the smoothly varying atomic like background absorption and 
Apto is a normalization factor that arises from the net increase in the total 
atomic background absorption at the edge. In practice, this normalization 
factor is often approximated by the magnitude of the jump in absorption at 
the edge. 
Astudyof the effect of SHI irradiation on Theoretical methods 22 
1.3.1 The Physics of EXAFS Oscillation 
In the x-ray region of the electromagnetic radiation spectrum the dominant 
interaction of the radiation quanta with matter is through photoelectric 
effect. In the case of photoelectric absorption, the initial state is described by 
the wavefunction of the photon plus the atomic wavefunctions of all the 
electrons of the atom. In the final state the photon disappears and the 
wavefunction of one of the core electron is delocalized, since this electron 
now has acquired the energy of the photon and can not occupy an atomic 
orbital any more. The transition probability for photoelectric absorption is 
measured by the absorption coefficient ]i, which is given by the Fermi 
"golden rule", 
where M is the matrix element for the transition; it is a measure of the 
coupling between a photon and an electron. p{Eili is the density of empty 
electronic states at the final energy of the photoelectron. 
If there are no empty states with energy Ep, the absorption coefficient 
is zero and the transition is not allowed. This explains the presence of edges 
in the absorption spectrum. If the energy of the final state is lower than the 
highest occupied atomic orbital, the electron cannot make the transition and 
the photon is not absorbed. Wlien the energy of the final state exceeds that 
of the highest occupied state (the vacuum level for isolated atoms, the Fermi 
energy for atoms in condensed matter), the density of states suddenly 
becomes non-zero and absorption coefiBcient shows a sharp increase. The 
photoelectron has an energy of hundred of eV^  in the EXAFS region and is 
not likely to be perturbed by the small band energy modulations of the order 
of 1 eV. Stem in 1974 proposed a theory that explains all the essential 
features of EXAFS. In this theory the matrix element is modulated by the 
scattering of a photoelectron by the environment of the absorbing atom. 
There is interference between the outgoing portion of the photoelectron 
wavefunction and the part scattered back by the atoms in the vicinity of the 
absorbing atom. This interference can be constructive or destructive, 
thereby enhancing or reducing the matrix element and with it the 
absorption coefBdent, compared to that of an isolated atom. In an EXAFS 
experiment each atom in the sample works as a mini diffraction instrument. 
The electron can also be considered as a wave characterized by a 
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wavenumber k='2n/X which is related to electron kinetic energy through the 
relation 
E-Eb = h^W2m (1.4) 
where the kinetic energy is equal to the photon energy minus the binding 
energy E},, of the electron in the atom, k is the wavenumber and m is the 
electron rest mass. 
1.4 ELECTRICAL CONDUCTION 
1.4.1 Variable Range Hopping Model 
The theory of variable range hopping (VRH) has been quite successful in 
describing the conductivity in insulating samples. The original ideas are due 
to Mott' with notable additions by Ambegaokar, Halperin and Langer,i° who 
formulated an approach using ideas from percolation theory. It is this 
approach, which will be sketched out in this section. A good discussion of 
Mott's original approach also appears in the book of ShMovskii and Efros.'' 
The model concerns randomly placed single electron localized states 
with a spread in the single site binding energies. Conduction is assumed to 
occur by electron hopping from site to site, the energy difference between the 
sites involved in the hop being supplied by phonons. Miller and Abrahams^^ 
considered such a system in which the electron wavefunctions were 
hydrogenic. Transition rates for electron hopping from site i to site j were 
calculated. When a small electric field is applied, a current is produced 
which is proportional to the field. By this procedure an effective resistance 
between sites i and j , Ry can be defined. Miller and Abrahams proposed that 
the effective resistance Rjj is a fianction of two intersite quantities: the 
distance between two sites TJ,- and the difference in energies of the two sites 
|E,-E,|. The dependence of the effective resistance i?,j on the distance 
between sites is what might be expected from the overlap of two 
wavefunctions, . 
where a^ ^ is the Bohr radius of the hydrogenic wavefunction of the 
impurities. 
The dependence of Rij on the energy of the electron states on sites i 
and j is more complex. In addition to depending on the difference in energy, 
Ej-Bi, the resistance also depends on the values of E, and Ej relative to the 
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Fermi level, Ep. This connection to the Fermi level appears because an 
electron must hop to an empty site; no double occupancy was considered in 
the model. The Miller and Anrahams expression can be written as 
where 
S,J=\I2\E,-E\ + \E,-E,\^\EJ-E,\) 
Ambegaokar, Halperin and Langer'° derived an expression for the 
variable range hopping conductivity by envisioning a sample as a set of 
discrete sites connected by resistors. The value of these resistors is taken to 
be the Miller and Abrahams value for the effective intersite resistances Riy 
The conductivity for this system is derived by using ideas from 
percolation theory. The resistances are parametrized as 
and values of Xy are assumed to be uniformly distributed from -XQ to XQ. One 
picks a value x, where x is between -XQ and XQ. All bonds with Xy < x are 
connected with Lhe appropriate resistance i?y=/?oexp(x,j), while bonds for 
which x^> X are not cormected. The value of x is then increased until the 
critical value for percolation, Xc is reached. This process is depicted in 
Fig. 1.3. The condition of having all bonds connected represents the samples 
of interest. 
Clearly, one would like to know the conductivity of the model when 
x=Xo. However, the enormous range of resistances in the problem allows a 
critical simplifying assumption to be made. It is assumed that the 
conductivity of the sample at percolation is determined by the value of the 
resistance just added, Roexp(x^. One envisions these critical resistors 
completing the final links between the clusters of high conductivity. The 
conductivity of these already formed clusters is high because they are 
composed of resistors whose values are small compsired to Roexp(x^. 
Likewise, the resistors added after percolation, while x increases from x^ to 
Xo, are large compared to Roexp(x^, and will do a negligible job of shunting 
the critical resistors. Thus if the conductivity, a is controlled by the resistors 
added just at percolation, we can write 
(J oc exp(-xj (1.5) 
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Fig. 1.3 Depiction of the percolation process in a random resistor network. For each 
chosen veilue of x, all sites having a value of Xo less than x are connected with a 
resistor of value Ro exp(x,j). Sites having a value of Xij >x are unconnected. 
For a disordered physical system, Xy =2ry/afi+Sy / kaT. A value of ;c then 
sets a maximum nj and maximum s^, which the two sites can have, to the 
candidates for connection, expressed as: r„ax=anx/2 and emax=kBTx. The 
average number of sites, N, which are within r^^x of a given site and within 
€max of the Fcrmi energy, is given by 
.(1.6) 
The above expression has assumed a finite density of states at the 
Fermi energy, gfEp). The system percolates when N=N„ which will be some 
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number of the order of unity. Substituting the expressions for rmax and Smax 
we obtain 
z N.=jg{E,)kJa],xt (1.7) 
From Eq. (1.5) we then get 
cr(7) a exp 2N. 
,1/4 
7rgiE)kgal T = exp .(1.8) 
This is the functional form for o [1) that describes the process known 
as variable range hopping (VRH). 
To recapitulate, the main assumptions which lead to Eq. (1.8) are: 
(i) Uncorrelated site energies. A hop from site i to an empty site j does 
not depend on whether a site close to j in space is occupied. 
(ii) A constant density of states at the Fermi level. If g(EF) is nonzero or 
not this should be a valid assumption at low temperature, where 
Emax becomes small. However, if g(Ep) =0, modifications to the VRH 
theory must be made. 
1.4.2 The Verwey Transition 
The Verwey transition was first observed in magnetite (Fe304)^ ^"^^ in 1939 by 
Verwey, as the occurrence of a spontaneous, intercorrelated change of both 
lattice symmetry and electrical conductivity. At this phase transition, a 
decrease of two orders of magnitude in the electrical conductivity occurs in 
such a way that at low temperatures magnetite is an insulator and above 
the Verwey transition temperature it is a metallic conductor. Verwey 
explained the change in conductivity as due to charge localization on the 
octahedral iron sites, Fe^* and Fe^* ions ordering periodically in the 
crystallographic lattice. In spite of this long period of investigation, this 
transition is still a matter of discussion. The nature of the Verwey transition 
in magnetite has not been clarified, in spite of intensive studies fi-om very 
early days. Various researchers as Wigner, Mott, Hubbard and Anderson 
have proposed many theoretical models to explain the electron transport 
mechanism in the low and high temperature phases in Fe304. Models 
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explain the Verwey transition either as a complete order-disorder transition, 
as the consequence of the ordering of the charges of the conducting 
electronic orbitals. In order to explain the much lower experimentally 
observed transition temperature (120 K) than estimated from the 
thermod3niamic arguments (lO'* K), Anderson proposed two different type of 
orders: a long range order (LRO) at T < Ty and short range order (SRO) that 
persists at T > Ty. The SRO stabilizes the Verwey phase at a much lower 
temperature provided the minimum lattice energy is achieved by arranging 
the charges in the tetrahedron formed by the nearest neighbour octahedral 
site are arranged in a specific pattern (known as Anderson condition). 
Though extensive studies with considerable effort have been made in 
magnetite, the Verwey transition remains a challenging problem to be 
solved. ^ '^^ ^ However, most of the metal-insulator transitions of mixed valence 
compounds are classified as Verwey type assuming that some kind of charge 
ordering (CO) i.e., ordering of the ionic charge state occurs. ^ ^ 
Magnetite belongs to the spinel ferrite materials group. The spinel 
crystal structure was first reported for magnetite by Bragg.'^-2° The ideal 
spinel structure consists of a cubic close packing of the oxygen ions with, in 
between, a large number of holes, which are partially filled v/ith the metal 
ions. The structure is cubic with space group Fd3m. The general chemical 
formula can be written as Fe^*[Fe^*,Fe^*]04 from the ionic point of view. Here, 
octahedral iron ions are indicated between brackets (16d B site) and the 
tetrahedral iron ions before the brackets (8a A site). According to this 
formula, Fe^* and Fe^* ions coexist at the same crystallographic site in the 
so-called inverse spinel structure. Below TN=860 K, magnetite orders 
ferrimagneticaUy.21 The magnetic ordering, typical of Neel's two-sublattice 
model implies that the tetrahedral (A) and octahedral (B) metal ions are 
aligned ferromagnetically within each sublattice and antiferromagnetically 
between the two sublattices. This magnetic structure agrees with the 
saturation magnetic moment 4 ^ , determined experimentally^^ and it was 
one of the first proofs of the validity of the Neel ferromagnetic model, later 
confirmed by means of neutron diffraction. In fact, the saturation magnetic 
moment corresponds to p(Fe3*B)+p(Fe2*B)-vi(Fe^*A). Even if this expression 
agrees with the ionic model, detailed neutron scattering experiments^^ have 
shown that the individual magnetic moments do not correspond to the ionic 
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ones. Magnetite undergoes a phase transition at T^  -120 K. This transition 
was first detected by means of heat capacity measurements by Parks and 
Kelley^^ in 1926. But the greatest interest in this transition was aroused 
when Verwey found that tlie transition is accompanied by a strong 
discontinuity in the electrical conductivity. Verwey characterized it as an 
order-disorder transition and he proposed an ionic model to explain the 
strong change in the electrical transport properties.'^ The model can be 
viewed as follows: above Ty, Fe^* and Fe^* are dynamically disordered in the 
lattice. The dynamical transformation of Fe^* into Fe^* implies motion of the 
electron to be responsible for the metallic conductivity above T^ For below 
Tv, Verwey proposed a long range spatial ordering of the Fe^* and Fe^* ions. 
This periodic order localizes the electron, preventing the motion of carriers. 
This simple model was very successful in giving a reasonable interpretation 
of the electrical resistivity behaviour^'-^s and it has been applied to a lot of 
new phase transitions, of the so-called Verwey type. Within this model, the 
charge ordering will produce a structural phase transition from the cubic to 
an orthorhombic phase, where Fe^* and Fe^* ions occupy alternately the 
(001) planes forming channels of homovalent ions along the directions [110] 
and [110]. This ionic ordering should induce the appearance of the (002) 
reflection, forbidden by symmetry in the high temperature phase. The 
ordering proposed by Verwey was apparently confirmed by neutron 
diffraction experiments performed by Hamilton in 1958.^^ This observation 
comes as support to the Verwey model. This belief, combined with the 
difficulties in explaining the insulator state of transition metal oxides (in 
particular, NiO) in the framework of the band theory, which was the origin of 
Mott's theory of metal-insulator phase transitions.^^ Simultaneously, 
numerous experiments were performed on magnetite, some of them trying to 
confirm the charge ordering scheme proposed by Verwey or at least the 
existence of two different ionic states in the low temperature phase of 
magnetite. None of them were able to rigorously prove either of the two 
hjTJotheses. 
Other experiments, e.g., resistivity measurements, took the Verwey 
model as a hypothesis to explain their experimental results but, despite very 
nice agreement, they do not demonstrate the Verwey type of ionic ordering. 
The situation should have changed after the neutron diffraction experiments 
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of Shirane et al.,^ ^ which demonstrated that the (002) forbidden reflection 
observed by Hamilton was in reality a spurious signal coming from multiple 
scattering. Later on, the structural determination of the low temperature 
phase by lizumi et al.^' directly contradicted the Verwey model. This precise 
and rigorous structural determination shows two important points: 
First, the octahedral Fe-0 interatomic distances determined are far 
from the ones expected for Fe^* and Fe^* octahedral ions. 
Second, at least four different octahedral iron sites are 
distinguishable in the low temperature phase. It is obvious that the number 
of different octahedral sites is different from a bimodal distribution, i.e. only 
two different atoms. These important points seem to have been forgotten in 
the scientific discussion. Perhaps, the conference in Cambridge (1979) 
arranged by Sir Nevill Mott with the the Verwey transition' as its topic 
obscured the relevant results obtained from this experiment. Despite these 
negative results the scientific community has not discarded the Verwey 
model. In the actual situation everybody assumes that the Verwey transition 
originates from ionic localization of the carrier giving rise to a periodic 
ordering of Fe^* and Fe^* ions, even if the detailed scheme ordering is still 
unknown. 
1.4.3 Charge Ordering in Magnetite 
Generally, charge ordering is defined as a periodic arrangement of ions with 
different integral valence states.^°'^' Various authors assume that the ions 
Fe^* and Fe^* in FcjO^ can't be considered equivalent to those in the pure 
compounds Fe203 and FeO. Thus the observation of two physical features 
has been considered as a proof of identification of two ions with different 
integral valence states. In any case, even in this situation only two difierent 
ions should be identified. A large number of experimental techniques have 
been applied to characterize the charge-ordering phenomenon in Fe304. 
Many experiments are mainly devoted to the measurement of the 
macroscopic properties such as the electrical resistivity, heat capacity, 
magnetization and magnetic after-effect. Such measurements have been 
interpreted using the Verwey model as a hypothesis. The Verwey model 
nicely reproduces the experimental data but these techniques are unable to 
discriminate between the Fe ions and determine the model of ordering. 
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Other experiments like Mossbauer, NMR and electronic 
spectroscopies are able to distinguish different kinds of ions but they cannot 
explain anything about the model of ordering. 
The third group of experiments comprises those able to determine the 
crystallographic scheme of ordering of the two entities. These experiments 
are the most conclusive. In fact, they can distinguish two different kinds of 
ions and determine their scheme of ordering. Clearly, diffraction is the most 
suitable technique for determining a periodic order (x-ray, neutron or 
electron diffraction). However, the determination of different crystallographic 
sites for the atoms in the lattice does not necessarily mean that they are 
associated with atoms with different integral valence states. As an example, 
the crystallographic structure of the hard magnetic material Nd2Fei4B is 
described in terms of six ditferent iron sites.^^ This does not imply the 
ordering of different ionic states. 
Transport, magnetic, specific heat and thermodynamic properties of 
magnetite across the Verwey transition have been extensively studied.^^"^'' 
1.4.4 Electrical Resistivity 
The electrical conductivity of magnetite has been measured by several 
authors.'^'^^'^^'^^ All of them observed a sharp discontinuity at the phase 
transition as shown in Fig. 1.4. The fingerprint of the Verwey transition is 
the discontinuous change of the electrical resistivity at T ,^ this being one of 
the first examples showing a metallic-insulator phase transition. The 
interpretation given by Verwey in terms of ionic ordering was very successful 
and it was responsible for the extension of this model to other intermediate 
valence oxides, v ^ c h show metal-insulator phase transitions.^^"^^ 
A careful study of this dependence has been carried out by Honig and 
co-workers, showing the existence of two regimes of the Verwey transition 
depending on the iron defectivity (6).3''.42-44 YOX 6<6^ 6^=0.0117, Fe3_604 
exhibits a first-order phase transition, being of second order for 6>6c. For 
6>36c, the transition disappears'*^-''^ with c corresponding to a deficiency of 
one electron out of the 96 cations of the low temperature base-centred 
monoclinic cell. 
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Fig. 1.4 The temperature dependence of the electrical conductivity of FcgO .^ 
1.4.5 Heat Capacity 
Heat capacity measurements show an anomaly at the Verwey transition 
temperature, which is highly dependent on the stoichiometry and the 
residual stress.'*"-''^ The relevant magnitude that can give us information 
about the mechanism of the phase transition is the entropy change of the 
transition, ASy. The experimental molar entropy content of this transition 
approaches the value of ASv= Rln2 instead of 2RITI2, expected from a model 
of order-disorder phase transitions where the Verwey transition is caused by 
the ordering of a binary random mixture of Fe^*-Fe^* ions on the B sites. 
Several attempts have been made to resolve this discrepancy. Honig, 
Arag'on and Shepherd^^-^^-'*^ using the two-state model of Kittel, found a 
configurational entropy of Rlr\2. But this result is implicitly contained in 
their model, as it uses a couple of octahedral Fe ions with two possible 
configurations, Fe^*-Fe^* and vice versa. 
1.4.6 Magnetic Properties 
Magnetite is a well-known ferrimagnet, archetypical of the spinel ferrites. 
The magnetic ordering in magnetite provided one of the first examples of the 
application of Neel's two-sublattice model. In this model, it is assumed that 
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the magnetic interaction between the octahedral (B) and tetrahedral (^ 4) iron 
ions is strongly negative and that between the ions of the same lattice is 
weak and positive. These interactions favour an antiparallel arrangement of 
the sublattices A and B, the so-called collinear Neel configuration and 
consequently the resultant magnetization is the difference between the A 
and B lattice magnetizations. Following the ionic model, the magnetic 
moments of A (Fe^*) and B (Fe^^/Fe^*) sites are P(A)=5]J:Q and ^ B ) = 9 / 2 ^ 
respectively, so the net magnetic moment should be 4 ^ per formula unit. 
The experimental value determined by Weiss and Forrer*' is 4.07;^. The 
good agreement between the theoretical magnetization predicted bj' the 
simple ionic model and the experimental value was considered as a proof of 
the validity of this model. However, neutron scattering experiments^^ have 
demonstrated that the magnetic moment of the A site is very different from 
the expected theoretical value and the same applies to the B site magnetic 
moment. This means that the assumed cation distribution of Fe^^/Fe^^-Fe^* 
between the Tj and O}, sites, respectively, is wrong in a strict sense. 
Moreover, below T, no magnetic reflection was observed coming from the 
difference between the magnetic moments of the predicted ordered 
octahedral Fe^*-Fe^* ions. In fact, all the neutron scattering refinements 
consider only one magnetic moment on the B octahedral site.^* 
1.5 1/f NOISE 
Schottky in 1926 proposed that the noise whose spectral density increases 
with decreasing fi-equency/is called flicker or 1/f noise. This type of noise 
spectrum was found in carbon microphones by Chistensen and Pearson in 
1936 and later in 1940's in various semiconductor devices. The i / / n o i s e 
studies play an important role because it is a serious interference that limits 
the parameters of many electronic devices at low frequencies. The i / /no i se 
also affects the operation of high frequency devices such as quartz 
resonators and atomic standards. For this reason the relative inaccuracy of 
the most accurate time measurements in physics cannot be reduced below a 
certain value. 
A lot of work on J / /noise has some standard questions as: 
(i) Is there a general formula to describe at least some portion of 
i / /noise? 
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(ii) Is the noise a bulk effect or a surface effect? 
(iii) Are the fluctuatioiain carrier number or mobility? 
There are several other questions about 1/f noise. Various 
researchers, Hooge, Van der Ziel, Kleinpenning and Vandanune etc. have 
tried to answer the above questions. 
1.5.1 Basic Models of 1/f Noise 
Several models have been proposed by different authors. However, facts are 
still unknown about the behaviour and sources of 1/f noise in different 
materials. Presently, efforts are made to understand and minimize the low 
frequency noise. 
(i) The Hooge Approach 
As the spectral density of 1 / / noise follows a power law / " " , with the 
exponent cc very close to unity and is propKJrtional to the square of the 
voltage (V^). In this case one c&n represent the spectral density of fractional 
fluctuations in the form S\//V^= C/f, where C is a dimensionless coefficient. 
Hooge in 1969 correlated a large bulk of experimental data obtained by 
different authors on the magnitude of J / /noise in semiconductor and metal 
films. He plotted these data on the C-Nc plane, where Nc=nv is the total 
number of free charge carriers in the specimen, n is their density and v is 
the volume of the specimen. The distribution of the points show a qualitative 
rule, which is approximated as C= y/Nc given by Hooge. Therefore, the 
empirical formula is given by 
S y ( f ) ^ r (1.9) 
V ~ NJ 
where y is a universal coefficient with approximated value 2X10"^. The 
coefficient y is known as Hooge constant and represented by yn-
A number of theories have been developed for the Hooge formula, as it 
does not give an accurate picture of the data in any major class of the 
materials. However, one feature of the Hooge formula has led to a set of 
theories that cannot account for J / /noise i.e. the 1/Nc suggests that some 
independent fluctuations are occurring on each of the mobile carries. 
Precisely, this property would be inconsistent with the 1/f spectrum itself. 
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Any fluctuations tied to individual mobile carries cannot persist for 
times longer than the carrier remains in the sample. It is easily examined 
that the carrier transit time and diffusion time for most of the metals and 
semiconductors under ordinary operating conditions are respectively given 
by 
Xr=l'lVn and z^^l^lkT^ 
where k. is the Boltzmann's constant, T is the temperature, / is the simple 
length, y. is the carrier mobility, and q is the carrier charge. The value of 
these times are in the microsecond range, which requires the spectrum to 
flatten out below characteristic frequencies weU within the observed range. 
(ii) Temperature Fluctuations 
As we know that the fundamental thermodynamic quantities that fluctuate 
in any experimental ensemble are the energy or the enthalpy at constant 
pressure. In a metal the integrated spectral density over several decades is 
not far from that expected for these spontaneous fluctuations and several 
experimental observations at one point suggested that enthalpy fluctuations 
might cause l/f noise in a metal, although the spectrum remained 
unexplained. A number of theories attempted to show how enthalpy 
fluctuations can cause l/f noise. However, the temperature dependence of 
the spectral density ruled out equilibrium enthalpy fluctuations. A straight 
thermodjoiamic prediction shows the enthalpy fluctuation noise at all 
frequencies in the near linear operating range of a resistor, is in accordance 
with the thermodynamic prediction except unusually large temperature 
coefficients of resistivity are present."*^ In such unusual cases this noise is 
observable, fits the thermodynamic predictions and is not of a l/f form. 
(iii) The McWhorter Model 
This modal was proposed by McV.Hiorter in 1957. According to this model 
one of the methods to produce l/f noise spectrum is to superimpose a large 
number of Lorentzian spectra, defined as 
S{f)<^fJ(J^+r) (1.10) 
with an appropriate distribution of comer firequencies f^. 
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The distribution of comer frequencies can be derived from a more 
physically motivated distribution of some variable on which f^ depends. The 
first specific version of such a theory is the McWholter model of charge 
fluctuations at a semiconductor-oxide interface. If there are electron trap 
distributions through the oxide and if the rate -limiting step for the 
trapping-detrapping process is simple quantum tunnelling fi-om the bulk or 
from fast interface states to the traps, the distribution of comer frequencies 
D(fJ is determined by the distribution of distances / from the traps to the 
interface, £>(/)• Therefore, tunnelling rates are of the form /c=^ exp(-l/lo), 
which gives 
D(/)oc dl 
5/ 
D(/)oc/£)(/)// (1.11) 
which means that a uniform distribution of traps leads to 1/f noise. 
Furthermore, physically reasonable values of the parameters, ^;*10'^ Hz and 
lo » 10'® cm, would require that D(li be approximately constant for only 
10'^< / < 4x10"^ cm to produce the entire observed spectrum. 
By elementary Fermi statistics, only states with energies near the 
Fermi level have much fluctuation in their occupancy. Therefore, the 
absence of a pronounced temperature dependence in the 1/f noise in 
semiconductors would require that over a range of temperatures about the 
same number of traps have depths near the Fermi level. Thus a realistic 
McWhorter model requires that the trapping states have not only a range of 
positions but also a range of energies. Furthermore, the distributions of 
these two variables cannot be highly correlated. Otherwise, at a given 
temperature only a narrow range of trap depth would be seen in the 
fluctuations. However, only a narrow range of ^ would appear. Despite the 
physical plausibility of the McWhorter model we shaU see that few cases are 
actually explained by it. 
While working in McWhorter model, Pendry, Kirkman and Castano in 
1986 have used a new version of a artificial one-dimensional (ID) disordered 
potential to calculate a distribution of energy widths of Anderson localized 
states, from which an occupation fluctuation spectrum was cedculated, 
essentiaUy using tunnelling kinetics. An extraordinarily large voltage 
fluctuation spectrum of a l/f^ form was predicted. There is little reason to 
suspect that the prediction would survive conversion to a fully 3D model or 
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that it has any connection with the thermally activated kinetics of the actual 
trapping states. 
(iv) The Dutta-Horn Approach 
According to McWhorter model, 1/f noise can be obtained when some 
parameter appearing exponentially in a rate expression has a flat dis-
tribution. Dutta, Dimon and Horn in 1979, proposed that the nearly 1/f 
spectrum in metals was due to a broad distribution of activation energies for 
some processes and that this explanation might extend to other materials. 
Dutta-Hom interpretation may be presented by considering a single 
two state system. It can be characterized by two energies, as the energy 
difference between the states, AE and the thermal activation energy for 
making the transition, £*, which is inferred from the temperature 
dependence of the transition rates as shown in Fig. 1.5. 
Each of these two state systems will have an exponential 
autocorrelation function and a corresponding Lorentzdan spectrum. The 
comer frequency (Oc=27ifc will be given by the sum of the two switching rates 
between the two states. The ratio of the time spent in the two states is just 
the ratio of these two switching rates. More precisely, the two switching 
rates between the states will be 
l^fy'""''"' and Infy-""'^^'' 
where E* is the energy difference between the transition state and the 
average of the two metastable states. 
The comer frequency fc will be 
/• r -(/:*+Ai/2)/A:r _^ ^-(/^''-AE/2)/kT-, 
whose temperature dependence is not quite of the Arrhenius form, but 
nearly so, as long as AB is much smaller than E''. The varismce in occupancy 
of either metastable state is sech^AE /2fc7)/4. 
The spectral density of the occupancy fluctuations from one site is given by 
S{f,T) = seek AE 
2kT 
/ c 
L/;+rJ 4;r (1-12) 
The variance or net noise magnitude gives a temperature dependence to 
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SfffT) from one site via sech?(AE/2kT). Kinetic factors give a temperature 
dependence of S(f,T) via. the temperature dependence of f^ . For / =^, however, 
dS(f.T)/dfc = 0. 
W /^ •\y 
\7\ 
/ 
Fig. 1.5 The distinction between the two energies AB and Ef for a two-level system 
in the classical regime, shown for a small collection of such systems. In the 
quantum regime the configuration coordinate is no longer entirely localized in either 
well, but the resulting eigenstates are still separated in energy by an amount close 
to AE, so long as the barrier is large. 
Particularly for charge-trapping transitions, especially in non-
degenerate semiconductors, one must allow for an entropy difference as well 
as an energy difference between the two states. In such cases the Helmholz 
free energy (F), is more relevant than AE. If the entropy difference AS differed 
significantly from one two-state system to another two-state system, then a 
distribution D(Ef,AE,AS) would have to be 'considered. 
In order to obtain much variance from a site, one needs 
sech2(AF/2kT) to be not too much less than one, i.e., | A F | < 2kT. For the 
McWhorter case AF=AE= -TAS, where AS is not negUgible and therefore 
different AE's are required for different T. 
In most cases of interest for metals, unlike the McWhorter case, the 
different states have approximately the same entropy, and therefore, the 
usual condition for occupancy fluctuations to occur is AE <2kT. To obtain 
J/ /noise, one needs a fairly flat DjfE*) for E* - 20±2/cT, given as 
Z),(£*)= J" D{E\AE)sech- AE 
2kT 
dAE, (1.13) 
where the integral essentially selecting only those transitions that are 
thermally allowed. If the total noise power depends weakly on temperature 
for some range Ti< Ts, then D(E^,AE) must not vanish for AB < kT since that 
would lead to an exponential freezing out of the fluctuations. Usually, even 
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when spectra fo just such an effect would be expected, since at any 
temperature T and observation band around some frequency / t h e spectrum 
comes mainly from sites with Ef/kT» ln(f/fo). 
Dutta; Dimon, and Horn (1979) suggested further that if a > 1, there 
is an excess of slow sites (as compared with a flat logarithmic distribution of 
rates), so raising the temperature, which speeds up the rates, will increase 
the spectral density. 
More quantitatively, Dutta, Dimon and Horn in 1979 also showed that 
under somewhat restrictive conditions a specific relation between the 
spectral slope and the temperature dependence of the spectral density can 
be derived. They explicitly assumed that the fluctuations have (1) thermally 
activated kinetics, (2) a single/,»/(observational), (3) a smooth Dj(Ef) and 
implicitly, (4) D(E^,AE)= Di(Ef)S(AE) and (5) no temperature dependence of the 
effect of the transitions on the logarithm of resistance (R), such as can arise 
from temperature dependent scattering mechanisms. These conditions imply 
S{fW ^ l D,{E-)dE^ 
Here S(f)=SR ff)/R^. By differentiating twice, we obtain the Dutta-Hom 
relation 
d\nSifJ)_^^ 1 
d\nf Hfjf) 
d\nSif,T) ^ 
dlnT .(1.14) 
The conditions, (1) and (3) are likely to be well satisfied in practice but 
condition (2) is not generally met. However, even in the extreme limit that Ef 
is not distributed, but _^  is, we obtain a similar equation: 
d]nS(f,T)^^^ kTd\nS(f,T) ......(1.15) 
ain/ £* ainr 
Scofield, Mantese and Webb (1986) have shown that Eq. (1.15) holds 
exactly, regardless of the distribution of/, unlike Eq. (1.14), which requires 
a smooth distribution of Ef. This relation is not easily distinguished from 
Eq. (1.14) unless data are taken over a wide temperature range. Equation 
(1.14) does give a linear dependence of S(f, T) on Tfor pure J / /noise. 
Conditions (4) and (5) are the weak point of the assumptions leading 
to the Dutta-Hom PH) relation. In general, the coupling of the fluctuations 
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to the measured parameter will have some temperature dependence. For 
example, in metals the impurity scattering is likely to fluctuate more than 
phonon scattering, and the different temperature dependences of these two 
scattering rates would lead to an additional temperature dependence of 
S(f, T). 
For nondegenerate semiconductors with carrier trapping noise, the 
dependence of D(B^,AE) on AE gives another temperature dependence to 
S(f,T), quite independent of Di(E^). 
Nevertheless, very strong deviations from the DH relation are rare. 
Since many processes in condensed matter, such as defect creation-
annihilation, inherently involve AE » kT, such processes would give rise to 
noise not even approximately obeying the DH relation. The persistence of 1/f 
noise roughly obeying the DH equation over a wide range of T then implies 
that the transitions involved either have very small AE for some fundamental 
reason (i.e., symmetry) or by coincidence (unlikely for many systems) or at 
least have a spread of AE extending to zero. 
As recognized for some time, the Dutta-Hom relation is not quite a 
sufficient condition to imply that the J / / spec t rum in a particular system 
arises from Di(Ef). However, it is applicable to a wide number of systems. 
The Dutta-Hom relation is also very far from being a necessary condition for 
distributed thermally activated transitions and its prevalence thus has the 
strong additional implications for the dependence ofD(Ef,AE) on AE. 
(v) Transport Effects 
One well-known class of noise that has occasionally been invoked to account 
for 1/f noise is the transport noise, caused by the exchange of some 
conserved quantity between the system and an external reservoir such as 
temperature. The carrier number fluctuation noise can be a form of 
transport noise, when Coulomb interactions do not effectively suppress 
charge exchange with the outside. Another transport noise occurs from 
defect motion. 
Long rang defect motion has several properties in common with the 
sorts of defect rotations. It would not freeze out at lov.' temperature, but 
would slow down due to activated kinetics. However, the spectral shape of 
such transport noise may be determined less by the sample geometry. In 
order to move very far, a defect must make many individual activated energy 
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steps. The spectral shape for diffusion kinetics is not a simple Lorentzian, so 
that i / / n o i s e from diffusion processes cannot be ruled out a priori. 
Furthermore, it would be very surprising for a universal phenomenon 
such as 1/f spectrum to depend on sample geometry. The diffusion over 
short distances can cause noise when translation symmetry is broken in the 
material. While i / / like spectra could be obtained for geometrical reasons for 
some defect-defect interaction terms, in practice the defect-defect interaction 
transport noise is easily thought of as a variant of DH noise in which 
geometrical factors as well as D(^) contribute to smearing of the spectrum. 
1.5.2. General Conclusion on 1/f Noise 
At present the J//noiise has enormous experimental and theoretical work. 
They furnish the possibility of making some precise general conclusions. 
Some of the conclusions drawn from experimental work of various 
researchers'*^''^ are given as: 
1. A number of experiments prove that no J//universal spectrum exists. 
The spectra of 1/f noise in different systems are clearly different; they 
vary even from sample to sample of same material and depend on 
temperature and other conditions. 
2. No universal relationship was found by any experiments between 1/f 
noise and any general parameter of the conductors such as, for 
instance, the number of charge carriers. They have found no finite 
minimum intensity of 1/f noise. 
3. As the dimensions of a conductor grow and so does the number of 
individual fluctuations produce random telegraph noise, the noise 
spectrum varies from one Lorentizian or a superposition of few 
Lxjrentizians to a continuous 1/f noise. 
4. The current and/or voltage 1/f noise is produced by resistance 
fluctuations and is not a result of some instability generated by the 
current in the conductor. 
5. No clear evidence was fovmd in favour of temperature fluctuations as 
a source of i / /noise . 
6. According to a number of experiments, the correlation length of 1/f 
noise is usually of microscopic dimension. 
7. Numerous experiments prove that in metals the J / / res is tance noise 
is produced by mobile defects. 
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2 
Experimental and characterization techniques 
2.1 INTRODUCTION 
This chapter basically deals with the various experimental techniques used 
for the present research work. There are two main objectives of the present 
chapter: the first one is to explain synthesis of the bulk samples/thin films 
and the other to describe various characterization techniques employed for 
evaluating different properties of the samples. 
2.2 SYNTHESIS OF BULK MATERIALS 
The bulk materials can be prepared by various techniques such as solid-
state reaction route,•'* sol gel^ and coprecipitation.^-^ In the present work, 
the bulk target materials for the thin film deposition of Ni doped LaFeOa 
based materials have been synthesized by solid-state reaction technique. 
This technique of bulk preparation is also known as ceramic method and it 
has superiority over other methods such as sol gel or copresipitation 
technique due to easiness of the process involved. The main steps of solid-
state reaction route are (i) mixing the constituent oxide powders in 
stoicheometric proportion and calcination, (ii) the pelletization and sintering 
of the polycrystalline bulk. 
(i) Mixing/Calcination 
We have prepared the LaFci.xNixOa (x=0.1 to 0.6) bulk samples from the 
mixtures of the high purity (Aldrich/Sigma, 99.999%) stoichiometric 
amounts of LajOa, FeO and NiO in powdered form. The mixtures were 
ground in an agate mortar with isopropanol to make them homogeneous, as 
the physical uniformity and the chemical homogeneity of the mixtures are of 
significant importance for the good quality samples. 
The homogeneous mixtures were kept in an alumina crucible and 
heated in resistive furnace. The powders were calcinated at 1100 °C. This 
process is repeated 3-4 times with intermediate grinding and every time 
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keeping the temperature for calcination higher than that in the previous 
step. 
(ii) Pelletization/Sintering 
The preheated powder was again ground with a few drops of poly vinyl 
alcohol (PVA), ^x^ch acts as a binder in the sample and palletized by using a 
rectangular die of dimensions 14mm X 4mm X 2mm. A pressure of the order 
of 3 tons/cm^ was used for making the pellets by hydraulic press. The 
pellets were sintered at 1300 "C for about 24 hours. The sintering process 
was followed by slow cooling at a suitable controlled rate (~5 °C per minute), 
as it favours the required oxygen content in the material. 
2.3 THIN FILM DEPOSITION 
The importance of coatings and the synthesis of new materials for industry 
have resulted in a tremendous development of innovative thin film 
processing technologies. The demand for development of smaller and smaller 
devices with higher speed especially in the new generation of integrated 
circuits requires specific materials and new processing techniques suitable 
for future giga scale integration technology. In this regard, physics and 
technology of thin films can play an important role in achieving this goal. 
Therefore, the production of thin films has become very important for device 
purposes. 
There exist a huge variety of thin film deposition processes and 
technologies, which originate from purely physical or purely chemical 
processes. Some of the important thin film processes are based on liquid 
phase chemical techniques, gas phase chemical processes, glow discharge 
processes and evaporation methods. Recently, a considerable number of 
novel processes that utilize a combination of different processes have been 
developed. This combination allows a more defined control and tailoring of 
the microstructure and properties of thin films. Thin films can be prepared 
by various deposition techniques such as pulsed laser deposition (PLD),*" 
metal organic chemical vapor deposition (MOCVD),'2-i4 J^Q and RF 
sputtering,^^*' diemical vapour deposition (CVD), molecular beam epitaxy 
(MBE),2° thermal deposition^* and sol gel,^^ etc. The basic process involves 
the converting materials into an evaporating flux of atomic and molecular 
species and then transporting them onto a suitably heated substrate in an 
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appropriate ambient. The choice of substrate for the thin film deposition is 
guided by the lattice parameter of the compound and substrate as well as 
the orientation of the substrate. For the present work the films were 
prepared by PLD and MBE methods. 
2.3.1 Pulsed Laser Deposition 
Among the large number of processes as mentioned above to grow the thin 
films, pulsed laser deposition (PLD) has emerged as a unique method to 
obtain epitaxial and nearly single crystal like thin films of multicomponent 
oxides. Epitaxial thin films of superconducting high Tc cuprates, metallic, 
ferroelectric, ferromagnetic, magnetite, manganites, dielectric oxides and 
their multilayers etc. have been made by this method. Conceptually and 
operationally, PLD is a simple technique for the thin film deposition. 
The main advantages of PLD systems are in its capability of enabling 
the fast layer deposition, precise control on stoichiometry and simple 
implementation of constituents. This is difficult to achieve in other 
conventional techniques such as evaporation, sputtering, etc. This so called 
"stoichiometry transfer" between target and substrate has made the PLD 
technique interesting for the growth of complex systems. Generally, XeF 
{K = 352 nm); XeCl (X = 308 nm); KrF (X = 248 nm); KrCl (X = 222 nm); ArF 
(X. = 193 nm); and F2 (X = 157 nm) excimer lasers are commercially available 
and can be used for thin film deposition. It uses a pulsed laser beam, 
usually but not necessarily, fi-om an ultraviolet excimer laser with pulse 
energy of about 1 joule. The typical duration of the laser pulse is a few tens 
of nanosecond. Because of such a short duration of the pulse, tremendous 
power (-10-100 MW/pulse) is delivered to the target. This is because of the 
nonequiUbrium nature of PLD in the sense that the absorption of energy and 
ablation takes place in a very short time, usually within a nanosecond, 
before thermodynamic equilibrium is reached. Fig. 2.1 shows the typical 
schematic of the PLD technique. The system consists of a vacuum chamber, 
which is evacuated by diffusion and rotary pumps. This assembly is capable 
of obtaining a base vacuum of the order of 10'^ to 10"^  torr-in the chamber. 
The laser beam of the desired energy density incident at an angle of 45° at 
the target surface is focused on to the rotating target, which is a 2.5 cm 
diameter pellet of the material whose film is to be deposited. 
A study of the effect of SHI irradiation on. Experimental and.... 46 
Reflector 
Fig. 2.1 A schematic view of PLD technique. 
The desired energy density was obtained by focusing the laser beam 
with the help of a quartz lens to a proper spot size. Laser beams of energy 
300 to 400 mJ are focused to a size such that energy density is maintained 
between 1 to 5 J/cm^. Typically, an energy density of ~2 Jjcw? was 
maintained at the target for the present work. The substrate on which film is 
to be grown is placed opposite the target at a distance of 4-5 cm on a 
resistive heater (which is capable of achieving temperature upto 850 °C on 
the surface) with the help of a thin conducting silver layer or clamp. The 
substrate was ultrasonically cleaned in trichloro-ethylene, acetone and 
methol. Alumel-Chromel calibrated thermocouple was used to measure the 
substrate temperature. 
Laser processing of materials is a highly non-equilibrium process due 
to very short pulse width of the beam. When a laser beam of energy density 
above a material dependent critical value is incident on the target, a large 
amount of energy is deposited in a few hundred-nanometer depth from the 
surface over a very short time scale. Due to such a transient energy transfer, 
the temperature of the surface layers is raised to a sufficiently high value 
(higher than the melting temperature of the material) and thus the melting 
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of material starts at the surface. The process takes place in a very short 
duration of time scale. This causes a rapid ejection of the laser-induced 
plasma of materials at right angle from the surface of the target in the 
forward direction towards the substrate. The plasma plume contains various 
excited atoms, molecules, ions and neutral species. This plasma quickly 
expands away from the target towards the substrate where the adiabatic 
expansion of plasma at the surface of the heated substrate takes place 
leading to development of the desired thin film. While PLD is recognized to 
transport the stoichiometry from the target to the film, there are several 
parameters, which immensely influence the growth and properties of thin 
films. These parameters are laser energy density falling on the surface of the 
target, the ambient background pressure during and after deposition, the 
pulse repetition rate, the temperature of the substrate, the choice and the 
orientation of the substrate itself, the target to substrate distance etc. Laser 
energy density is a vital factor, which highly affects the properties of films. If 
the energy density is low, the complex target molecules do not evaporate 
congruently; if very high, droplet kind of particles are deposited on the 
substrate. The ambient oxygen partial pressure is vital for the thin film 
growth of manganites to make up for the loss of oxygen in the ceramic target 
itself or during the course of transfer of the excited species fi-om the target to 
the substrate. 
There are several limitations of the PLD technique. Firstly, beam 
scanning and focusing systems are complex and expensive and secondly, it 
is not always possible to have a laser of wavelength compatible with the 
absorption characteristics of the material to be evaporated. It is difficult to 
have large area film deposition due to narrow angular distribution of the 
plasma plume. To overcome this problem, the substrate can be scanned 
vertically/horizontally or the laser beam can scan a large area of the target. 
The system has low energy efficiency and the size of the uniformly deposited 
film is small (10 to 20 mm) in diameter. The target is scanned during the 
deposition and sanding done after each deposition in order to reduce 
roughness to the minimum. To achieve uniformity, the rotation of the target 
{-10 rpm) is very much desirable. Nevertheless, all the above-mentioned 
obstacles have been successively overcome in the novel big area deposition 
PLD systems. 
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In the present research work the epitaxial thin films of LaFci.xNixOa 
(x=0.3, 0.4 and 0.5) were grown on LaAlOs (100) single crystal substrate 
using PLD technique at University of Pune, Pune-411007, India. A KrF 
excimer laser (Lambda Physik, LPX200) having wavelength [A] 248 nm and 
pulse duration (tp) of 20 ns was employed for thin film deposition. The 
ablation was performed at a laser energy density of 2.1 J/cm^ on the target 
surface. The substrate was held at 650 °C, while the oxygen partial pressure 
of 200 and 300 mtorr was maintained for two separate depositions. 
2.3.2 Molecular Beam Epitaxy 
Molecular beam epitaxy (MBE) was developed in the early 1970s as a means 
of growing high-purity epitaxial layers of compound semiconductors.^^-^'^ 
Since that time it has evolved into a popular technique for growing III-V 
compound semiconductors as well as several other materials. MBE can 
produce high-quality layers with very abrupt interfaces and good control of 
thickness, doping and composition. Because of the high degree of control 
possible with MBE, it is a valuable tool in the development of sophisticated 
electronic and optoelectronic devices. 
As MBE is a controlled deposition process carried out in a UHV 
system, there are some basic requirements of such a machine. For 
generating and maintaining a clean vacuum as high as 10"'°-10" torr for 
the process, the vacuum lock mechanism becomes a basic need. Therefore, 
a simple MBE system consists of minimum two UHV chambers isolated by a 
gate valve and pumped by two independent systems. One of them is used as 
growth chamber while the other one is for sample introduction/preparation. 
Present day machines have a number of metal chambers with vacuum load 
locks, which are used for different processings of a wafer before exposure to 
atmosphere. A schematic of a simple growth chamber is shown in Fig. 2.2. A 
complex arrangement of various constituent sub-assemblies starting from 
evaporation sources, growth manipulator to various diagnostic instruments 
(RHEED, RGA) is seen. With proper design of individual shutter and control 
of their movements, either manually or through microprocessor, the rate of 
atomic spray of individual sources may be adjusted to be one monolayer per 
second. The material sources or effusions cells are independently heated 
until the desired material flux is achieved. Changes in the temperature of a 
cell as small as 0.5 °C can lead to flux changes on the order of one percent. 
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Fig. 2 .2 A schematic view of MBE system. 
To control thicknesses to about 1%, highly stable control loops with 
Tungsten-Rhenium thermocouples and proportion, integial and derivative 
(PID) controllers are used as well as a chilled panel separating the cells to 
prevent thermal cross talk. Computer controlled shutters are positioned in 
front of each of the effusion cells in order to shutter the flux reaching the 
sample within a fraction of a second. Since shutters in front of the effusion 
cells reflect some of the power back into the cell, opening the shutters is 
known to cause flux trajisients of the order of a few percent with a time 
constant of several minutes. These transients are difficult to measure and 
depend on cell and system-specific factors such as the shutter type and 
location, heater element design and thermocouple placement. Although the 
system provides precise controlled process parameters, it has certain design 
constraints. Some of them are as follows: It requires a continuous pumping 
provision. Unlike conventional deposition system, a particular MBE system 
is restricted for use to a class of materials to avoid contamination even at 
the level of ppm- ppb. Growth apparatus is not permitted for frequent 
opening for cleaning purpose as it poses problems to achieve UHV. 
Whenever a system is opened for repair of any sub-assembly or for loading 
of evaporation source materials new Ag-plated gaskets are needed and a 
prolonged baking becomes necessary leading to a long down time. 
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Alterations and additions to a predesigned chamber is quite difficult due to 
the precisions involved in achieving deposition uniformity in terms of 
thickness, composition etc. Since various operations such as transfer of 
substrates for the desired growth position from loading to growth chamber, 
movements for flux measurement, rotation of substrates etc. are 
manipulated from out side, fall of the substrate holder inside the chamber is 
one of the major set backs at the time of process. MBE operations demand 
high running cost in terms of power, liquid nitrogen etc. 
In the present work we have grown Fe304 epitaxial thin films on [100] 
oriented MgO single crystal substrates using an oxygen plasma assisted 
MBE system (DCA MBE M600) with a base pressure of 5XlO-i° torr at the 
Trinity College in Dublin, Ireland. 
The M600 MBE is a commercial system supplied by DCA 
Instruments. It consists of the main growth chamber along with a load lock 
chamber module. The samples are loaded from the load lock through the 
UHV gate valve using magnetic coupled transfer arm. The deposition 
chamber is a vertical 600 mm internal diameter chamber (base pressure 
< 5X10'^° torr), designed for metal or oxide- MBE. The growth chamber has 
two ports for single or multi-crucible electron guns and up to eight ports for 
effusion cells or other sources. The system can be configured for 1.5", 2", 3" 
or 4" max. substrate size. The growth chamber has several ports reset ved for 
precise flux control equipment. In the standard configuration the electron 
gun fluxes are controlled using quartz crystal film thickness monitors. Ports 
are reser/ed for more accurate flux control using either cross beam 
quadrupole mass spectrometer or atomic absorption spectroscopy. It is 
equipped with a large volume cryopanel, one single and one multi-heart 
electron gun, three effusion cells, substrate manipulator, deposition rate 
monitors and oxygen plasma source. It is also equipped with the state of art 
Reflection High Energy Electron Diffraction (RHEED) and Residual Gas 
Analyser (RGA) facilities for in-situ characterization of growth parameters. 
2.4 SWIFT HEAVY ION IRRADIATION 
The swift heavy ion (SHI) have proven to be versatile tool for processing 
materials and synthesizing unique structures of interest for a wide variety of 
appUcations involving optical materials, magnetic materials, insulators and 
polymers. Introduction of ion species into the soUds can be used to alter and 
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tailor many material properties like structural, transport, electronic, 
magnetic and optical etc. Defect generation during ion-soUd interactions 
adds a further dimension to this processing capability enabling kinetic 
mechanisms to synthesize metastable phases normally unobtainable under 
equilibrium thermodynamic conditions. Applications of ion beam are 
modifying materials properties and enhancing the performance of electronic 
and optical materials, insulators, pol5aners and metals. Synthesizing new 
structures and phases and resulting property changes are achieved by ion-
beam processing. Controlled introduction of different defect states in solid 
matrices have been beneficially used in material science for decades to 
improve the performance of the materials. 2^ "^ '* 
First of all, it is essential to understand the basic phenomenon of ion 
solid interaction. It is well established that when a high-energy heavy ion 
passes through a material, it suffers energy mainly in two ways: 
1. direct nudear collisions, i.e. nuclear energy loss Si, or (dE/ch!}^. 
2. inelastic energy loss due to electronic excitation, i.e. electronic energy 
loss SteOr(dE/dx)e. 
The nuclear energy loss is dominant in the low energy region whereas 
the electronic energy loss dominates in the higher energy region. Depending 
on the electronic energy loss, various kinds of defect, such as point defects, 
columnar amorphization are formed in the system. 
When energy of the incident ion is small enough (- keV) so that the 
ion's velocity is smaller than the Fermi velocity of the electrons of the target 
material, the incident ion collides and loses its energy directly with the 
nucleus and looses its energy. In this situation S, dominates over S .^ 
However, for SHI (energy ~ MeV), the incident ion has velocity of the order of 
Fermi velocity of the electrons of the target material and suffers collision 
with the electronic system of the target material. In such a situation, Se is 
much higher than the S, value. Therefore, energy transferred to the 
materials can be considered to occur mainly because of electronic 
excitations, provided the thickness of the material is less than the stopping 
range of the heavy ion. Using the standard transport of ions in matter 
TRIM95 simulation program,^^ we have calculated the {dE/dx)e and (dE/dx)n 
as a function of energy for °^^ Ag ion interacting with systems. 
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It is well established that for the production of columnar defects one 
requires (dE/dx)e above a threshold value. Using Szene's model,^ one can 
estimate the threshold for the columnar amorphization for oxide magnetic 
materials. 
From the beginning of the 1950s, several theoretical models have 
been proposed to explain the appearance of tracks induced in matter by the 
slowing down of energetic ions in the electronic stopping power regime. In 
the Coulomb spike model,^^ it is assumed that an energetic ion along its 
path creates a cylindrical region of h i ^ l y ionized matter. Repulsive 
electrostatic forces act during the period before electronic neutrality is 
restored and give rise to a violent explosion. The Coulomb explosion will be 
significant only if the charge-neutralization time exceeds lO"^ "* s for light 
target atom. This phenomenon leads to a localized destruction of the lattice. 
Schiwietz et al.'* showed that the Coulomb explosion cannot be efficient in 
such carbon structures as diamond Uke and graphite hke amorphous 
carbon, because the electronic charge neutralization is too fast in these 
materials and life of the repulsive states is not long enough to initiate the 
Coulomb explosion. However, the development of a detailed and quantitative 
model based on such a mechanism is difficult and has not yet been 
performed. The thermal-spike modeP^>'*° uses a different approach. Here the 
energy is deposited on the electrons of the target by the projectile. In a first 
step this energy is shared between electrons and in a second step, is 
transferred to the lattice atoms by an electron-lattice interaction leading to a 
large increase of temperature along the ion path. The increase of 
temperature followed by a rapid quenching (lO'^-lO*'' K/sec) results in an 
amorphised columnar structure when the melt solidifies. Several 
observations, such as the defect annealing,'*^ track formation,^' the effects of 
irradiation temperature'*^ quantitatively support this description. Track 
formation.in metals and insulators can be explained with thermal spike 
model.'*^"'* Coulombic explosion and thermal spike can not be separated that 
means both of the effects are present simultaneously.^^ The cylindrical 
shock wave generates strain in the lattice around the ion track and presence 
of thermal spike creates the amorphized columniar tracks. This can be used 
to create strain in materials by controlling the ion fluence. 
In the present work irradiation were carried out at Inter-University 
Accelerator Centre (lUAC), New Delhi on LaFe^^Ni^Oa (x=0.3, 0.4 and 0.5) 
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and Fe304 thin films at room temperature with 190 MeV '°^Ag ion beam with 
fiuence values 5 XlOi°, iXlQii, 5X10", IXIO'^, 5xl0>2 and iXlO^aions/cm^. 
The beam current was kept at 0.2 pnA to avoid any heating effect. 
The ion beam was focussed to a spot of 1X1 nmi^ size and scanned over an 
area of 10X10 mm^ using magnetic scaimer to irradiate the whole sample 
uniformly. The fluence values were measured by collecting the charge falling 
on the sample mounted on an electrically insulated sample ladder placed in 
secondary electron suppressed geometry. The ladder current was integrated 
with a digital current integrator and charged pulses were counted using a 
scalar counter in order to observe modification in its structural, electrical 
transport and magnetic properties. The schematic of 15UD pelletron 
accelerator is shown in Fig. 2.3. 
Interchangeable _ 
Ion Sources 
^ 
Injector Deck 
IF^A-
Ion Accelerating Tube 
High Voltage Terminal - . 
Sulphur Hexa Fluoride 
Pellet Chains 
- Injector Magnet 
- Negative Ion 
Accelerator Tank 
Charge stripper 
Equipotentlal Rings 
Positive Ion 
Analyser Magnet 
{> To Switching Magnet 
Fig. 2.3 The schematic of 15UD pelletron accelerator. 
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The 15UD pelletron is a versatile, heavy ion tandem type of 
electrostatic accelerator. In this pelletron, negative ions are produced and 
preaccelarted to ~ 400 keV and injected into a strong electric field inside an 
accelerator tank filled with SFe insulating gas. At the center of the tank 
there is a terminal shell that is maintained at a high voltage (~16 MV). The 
negative ions on traversing through the accelerating tubes from the top of 
the tank to the positive terminal are accelerated. On reaching the terminal 
they pass through a stripper, which strips the electrons from the negative 
ions, thus transforming the negative ions into positive ions. These positive 
ions are then repelled away firom the positively charged terminal and are 
accelerated to ground potential to the bottom of the tank. In this manner, 
same terminal potential is used twice to accelerate the ions. On exiting from 
the tank the ions are bent onto a horizontal plane by an analyzing magnet, 
which also selects a particular beam of ions. The switching magnet diverts 
the high-energy ion beam into the different experimental areas of the beam 
hall. The entire machine is computer controlled and is operated from a 
centralized control room. 
2.5 SAMPLE CHARACTERIZATION TECHNIQUES 
The development of materials, processes and advanced devices for 
microelectronics and microsystems requires a huge effort in the field of the 
characterization techniques. We have used various experimental techniques 
to characterize structural, electrical and magnetic properties of our samples. 
2.5.1 X-ray Diffraction 
X-ray diffraction (XRD) provides a fast and reliable tool for routine mineral 
identification. XRD is particularly useful for identifying fine-grained minerals 
and mixtures or intergrowths of minerals that may not lend themselves to 
analysis by other techniques. XRD can provide additional information 
beyond basic identification. If the sample is a mixture, XRD data can be 
analyzed to determine the proportion of the different minerals present. Other 
information obtained can include the degree of ciystaUinity*^ of the minerals 
present, possible deviations of the materials from their ideal compositions 
(i.e. presence of other elements) and the structural state of the materials. 
This technique is siiitable for both forms of samples i.e. bulk as well as thin 
film and can yield the information regarding the crystaUinity of the material. 
A study of the effect of SHI irradiation on Experimental and.... 55 
nature of the phase present, lattice parameter, grain size, out of plane 
orientation and relative in plane orientation between the film and substrate. 
In case of thin film, the change in lattice parameter with respect to the bulk 
gives the idea of nature of strain present in the film. 
X-rays are energetic enough to penestrate into the material and their 
wavelengths are of the same order of magnitude as interatomic distances in 
solids. Thus, a collimated beam of x-rayg is diffracted by the crystalline 
phases in the sample according to Bragg's Law 
rd=2dsind, with X < 2d 
where X is the wavelength of the x-rays, d is the interplanar spacing for a 
family of planes; n is the order of the effraction and 6 the incoming 
diffraction angle. 
The above relation shows that the diffraction effects cannot be 
observed from a family of planes for any arbitrary angle of incidence. Even if 
monochromatic x-rays are used, the match amid d, 6 and X has to be sought 
to satisfy the above relation and get the diffilaction. SQ, it is clear that Bragg 
diffraction is very different from ordinary diffrac^li, ^^fcli/'geherally puts no 
restriction on the incident angle. ''^ ^ ' ^""^Lr . 
2.5.2 Diffraction Techniques 
There are various techniques, which are used to x-ray diffraction patterns. 
The three main techniques are the Laue method, the I^otating crystal 
method and the Debye-Scherrer method. Oebye-Scherrer method is also 
known as the powder diffraction method. It ib fast and very accurate for the 
determination of lattice constants. In view of this fact we are describing here 
Debye-Scherrer method. 
The Debye-Scherrer Method 
Polycrystalline or powdered sample can be used in the present model. Each 
grain of the sample has a random orientation; therefore, this method is 
equivalent to the rotating crystal method in which the sample is rotated over 
all possible orientations. Each reciprocal lattice point will generate a sphere 
of radius equal to the magnitude of the reciprocal lattice vector. If this 
spherical shell of reciprocal lattice vectors intersects with the Ewald sphere, 
it produces Bragg reflections. Each lattice vector of length less than 2 k will 
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produce a cone of Bragg reflections, with an angle 6 relative to the un-
scattered beam. The magnitude of the reciprocal lattice vector is given by 
Q=2ksin(9/2). Thus a measurement of 9 will give the lengths of the smallest 
reciprocal lattice vectors. The another important use of this method is in the 
study of phase diagrams of alloys systems. Since lattice constant are unique 
for a materials, this method is widely used for the identification of materials. 
Further, it is the only method which works for all crystalline materials. 
The diffraction pattern can be used to determine the reciprocal lattice 
vectors and hence the Bravais lattice associated with the crystal. In order to 
completely determine the crystal structure, one must determine the basis. 
This can be done by examining the structure and form factors. In thin films, 
x-rays are diffracted by the oriented crystallites at a particular angle to 
satisfy the Bragg's condition. Having known the values of 9 and X, one can 
calculate the interplaner spacing. Schematic view of XRD is shown in 
Fig. 2.4. 
X-RAY 
TUBE 
COUNTER 
Fig. 2.4 A schematic of x-ray diffractometer. 
The XRD can be taken in various modes such as 9-29 scan mode, 
9-29 rocking curve, and ^ scan. In the 9-29 scan mode, a monochromatic 
beam of x-ray is incident on the sample at an angle of 9 with the sample 
surface. The detector motion is coupled with the x-ray source in such a way 
that it always makes an angle 29 with the incident direction of the x-ray 
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beam. The resulting spectrum is a plot between the intensity recorded by the 
detector and 29. 
The crystalline quality of the oriented samples can be estimated by 
using it in rocking curve mode wherein a single Bragg peak is measured as 
the sample is tilted within the diffraction plane. In this arrangement the 
position of the detector is kept fixed at 26 value corresponding to a 
particular d value and the sample is rocked around the 0 value. The 
resulting spectrum is a plot between the intensity and 9. The full width at 
half maximum (FWHM) of the plot estimates the misorientation of the grains 
in the film with respect to the sample normal. 
The in-plane orientation of the film is determined by using XRD in <|> 
scan mode (Fig. 2.5). In this mode, the sample is rotated about the surface 
normal from 0° to 360° while keeping 0, 29 and x fixed where Bragg 
condition is satisfied. Here % is the angle between planes (hj kj Ij) (which is 
different from the oriented direction (h k 1) of the film and is in the horizontal 
direction to face the x-ray beam) and (h k 1). If the crystal has n fold 
symmetry, it will satisfy the Bragg's condition n times during the 0° to 360° 
rotation about the surface normal and hence n peaks are observed during 
the <t) scan with peaks separated at angle of (360/n)°. 
Fig. 2.5 An illustration of ^scan x-ray diffraction, where, a - angle between 
incident x-rays and sample surface, 26 - angle between incident x-rays and 
detector, \p - sample tilt, q> - in-plane sample rotation, x, y - in-plane displacement 
of sample, z - vertical displacement of sample. 
In the present work, the XRD pattern for the bulk and thin films of Ni 
doped LaFeOa and Fe304 were recorded at Inter-University Accelerator 
Centre (lUAC), New Delhi using D8 Advanced Bruker diffractometer with 
Cu-Kj, radiation (A,= 1.541838A) at room temperature by taking 0.020 step 
size. The cathode was maintained at 30 kV. Diffiraction patterns were 
recorded in the range 20° < 26 < 80°. 
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2.5.3 X-ray Absorption Spectroscopy 
X-ray absorption spectroscopy (XAS) is a powerful tool to study the local 
electronic and atomic structure of solids, liquids and gases in a wide range 
of external conditions defined by temperature, pressure etc. The information 
on the local electronic structure can be extracted from x-ray absorption 
spectrum in the vicinity of an absorption edge of an atom (XANES), whereas 
structural information can be determined from the extended x-ray 
absorption fine structure (EXAFS), having an oscillating character and 
located beyond the absorption edge. The EXAFS range extends usually to 
about 500-1000 eV above the edge due to limitations caused by the 
experimental noise and/or by the presence of another absorption edge. The 
x-ray absorption spectrum has been recorded using an x-ray source. 
Historically, first an x-ray tube was used; but at present most experiments 
are performed using synchrotron radiation. A typical synchrotron radiation 
source consists of two accelerators (a linear accelerator called LINAC, and a 
booster) and a storage ring. The charged particles (electrons or positrons) 
are accelerated within the LINAC and the booster up to operating energy and 
are injected into the storage ring, where a radially accelerated charged 
particle emits electromagnetic radiation, including x-rays, in the tangent 
direction to their orbit. This radiation is utilized by experimental stations 
located at beamlines in the Experimental Hall. The synchrotron radiation 
has several advantages due to unique characteristics, which include 
1. Wavelength tunability fi-om the infrared (IR) to the hard x-rays. 
2. Polarisation selectabilily (both linear and circularly polarized lights 
are available). 
3. Extremely high brilliance. 
4. A pulsed radiation structure of high stability, enabling 
measurements to be made at very short time intervals (down to 
1 0 " seconds). 
The x-ray absorption measurements on the samples along with Fe203 
and NiO at O K, Fe 1-2,3 and La At^ s edges were made using the high-energy 
spherical grating monochromator (HSGM) beam line of the National 
Synchrotron Radiation Research Center (SRRC), Taiwan operating at 
1.5 GeV with a maximum storage current of 200 mA. The spectra were 
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measured using the sample drain current mode at room temperature and 
the vacuum in the experimental chamber was in low range of 10"' torr. The 
resolution of the spectra was better than 0.2 eV. 
2.5.4 Atomic Force Microscopy 
The Atomic Force Microscopy (AFM), invented by Binnig, Quate and Gerber 
in 1986,'** is a very powerful technique for studying the surface morphology. 
The microscope consists of a cantilever with a sharp tip at its end, typically 
composed of silicon (Si) or silicon nitride (Si3N4) with tip sizes of the order of 
nanometers. The tip is brought into close proximity of a sample surface. A 
representative view of the function of an atomic force microscope is shown in 
Fig. 2.6. 
The van der Waals force between the tip and the sample leads to a 
deflection of the cantilever according to Hooke's law, where the spring 
constant of the cantilever is known. Typically, the deflection is measured 
using a laser spot reflected from the top of the cantilever into an array of 
phtodiodes. 
Mirror 
CantHever 
Fig. 2.6 Schematic diagram of an Atomic Force Microscopy. 
A study of the effect of SHI irradiation on Experimental and.... 60 
However a laser detection system can be expensive and bulky; an 
alternative method in determining cantilever deflection is by using 
piezoresistive AFM probes. These probes are fabricated with piezoresistive 
elements that act as a strain gage. Using a Wheatstone's bridge, strain in 
the AFM probe due to deflection can be measured, but this method is not as 
sensitive as the laser deflection method. If the tip were scanned at constant 
h e ^ t , there would be a risk that the tip would collide with the surface, 
causing damage. Hence, in most cases a feedback mechanism is employed 
to adjust the tip-to-sample distance to keep the force between the tip and 
the sample constant. Generally, the sample is mounted on a piezoelectric 
tube, which can move the sample in the z direction for maintaining a 
constant force, and the x and y directions for scanning the sample. The 
resulting map of s(x,y) represents the topography of the sample. 
Schemes for non-contact and dynamic contact mode operation 
include frequency modulation and the more common amplitude modulation. 
In frequency modulation, changes in the oscillation frequency provide 
information about a sample's characteristics. In amplitude modulation 
(better known as intermittent contact or tapping mode), changes in the 
oscillation amplitude yield topographic information about the sample. 
Additionally, changes in the phase of oscillation under tapping mode can be 
used to discriminate between different types of materials on the surface. 
2.5.5 Magnetic Force Microscopy 
In a Magnetic Force Microscope (MFM) a magnetic tip is used to probe the 
magnetic stray field above the sample surface. The magnetic tip is mounted 
on a small cantilever that translates the force into a deflection, which can be 
measured. The microscope can sense the deflection of the cantilever that will 
result in a force image (static mode) or the resonance frequency change of 
the cantilever, which will result in a force gradient image. The sample is 
scanned under the tip that results in a mapping of the magnetic forces or 
force gradients above the surface. 
The facts that no sample preparation is necessary and that a lateral 
resolution below 50 nm can be reached make it a powerful tool for 
investigation of submicron magnetization patterns. Since it is possible to 
apply external magnetic fields during the measurement, the field 
dependence of domain structures and magnetic reversal processes can be 
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observed. Methods to separate topography and magnetic features allow pure 
magnetic images to be achieved. Topographic and magnetic details from the 
same scan can be related to each other. 
We recorded AFM and MFM images in the present work at 
Inter-University Accelerator Centre (lUAC), New Delhi-110067, India. 
2.6 MEASUREMENT OF ELECTRICAL AND MAGNETIC PROPERTIES 
2.6.1 Electrical Resistivity Measurement 
The dc electrical resistivity measurements are generally made by four-probe 
technique. When the sample resistance is measured by two probes using a 
multimeter, the contact and lead wire resistances cannot be avoided. The 
four-probe method is a simple technique to overcome this limitation. In the 
present study the electrical resistivity measurement is performed using four-
probe technique, in the temperature range 77-300 K in a home built 
cryostat. A constant current in the range l^A to mA drawn from a Keithley 
constant current source (Model 220) was passed through the outer contacts. 
The voltage across the inner contacts was measured using a Keithley nano-
voltmeter (Model 2001). The resistivity as a function of temperature was 
measured during the warming up cycle. The temperature was controlled 
with the help of a Lakeshore temperature controller (Model DRC-93CA). 
2.6.2 Noise Measurement 
While trying to handle small signals electronically, one ultimately comes to 
the point where the incoming signal drowns in the random current or 
voltage fluctuations generated in the electronic systems. These fluctuations 
are usually called noise. Noise is always present in real devices and is often 
a practical limit to the performance of a device. The measurement of signal 
to noise ratio is, therefore, an important activity which can be advanced by 
an understanding of the details of the operation of the device and 
improvement of the quality of the materials.**^ Four types of noise are 
important for any device. 
(I) Thermal or White Noise: Any resistance R shows spontaneous current or 
voltage fluctuations according to the following equation: 
Sv = 4kBTR 
and S, =4kBT/R 
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where, Sv and Si represent the spectral power densities of voltage and 
current fluctuations respectively, kg is the Boltzmann constant and T is the 
absolute temperature. 
White noise was found to be independent of frequency. Therefore, this 
noise is independent of the conduction process and nature of the mobile 
charge carriers. 
(il) Shot Noise: A second type noise, always present in the diode type devices, 
is the shot noise. This noise is the result of the corpuscular nature of 
electricity and the random emission of charge carriers across a potential 
barrier. The spectrum of the current fluctuation is proportional to the 
elementary charge q of the carriers and the average current I 
S, = 2ql 
(iii) Generation-recombination Noise: The number of free electrons in the 
conduction band may fluctuate due to generation and recombination 
processes between the band and traps. Due to this there is a fluctuation in 
the conductance G and therefore, in the resistance R. 
(iv) 1/f or Fiiclcer Noise: A fourth type noise is the J / / no i se proposed by 
Schottky. It was observed practically in all casses that an increase of the 
spectral density of current noise (Sy «: / ' " ; a varying in between 0.8 and 1.2) 
with decreasing frequency/is approximately proportional to 1/f. Therefore, 
this current noise is usually called 1/f or flicker or pink noise. This noise is 
observed in various materials such as semiconductors, superconductors, 
semimetals, CMR materials, etc. 
The great interest in studies of J / /noise stems from the fact that this 
problem is very general and to a considerable degree unsolved. The great 
importance of these studies also plays a significant role, since J / /no ise is a 
serious interference that limits the parameters of many electronic devices at 
low frequencies. J / /noise is known to be very susceptible to any fluctuation 
or transition v^ether electrical or magnetic. In uniform conductors the 
spectral density of 1/f noise is proportional to the square of the mean 
voltage or the mean current throughout the voltage region in which ohm's 
law is obeyed. 
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The spectral density of 2/ /noise follows a power law 1/ f , with the 
exponent a very close to unity, and is proportional to V*. In this case one 
can represent the spectral density of fractional fluctuations in the form 
Sy{f)_ r 
where coefficient y is called the Hooge parameter. It is a dimensionless 
coefficient and widely used to compare the J / /no ise magnitude in different 
samples materials. 
If the Hooge relationship were exact, and this implies universal, it 
would be a convincing argument in favour of one universal mechanism of 
1/f noise. Therefore, 1/f noise measurement also provides the useful 
information about various kinds of defects on the charge transport process 
in thin films. The effect of irradiation can also be seen by the measurement 
of i / /no ise . 
In the present work we have measured the spectral density of voltage 
noise Sy by four-probe method for frequencies from 1 to 50 Hz. The sample 
is biased with direct current generated by a constant current source 
(battery) and the voltage across the sample is ac coupled to a low noise 
preamplifier of gain 100 (SR-552, Stanford). The preamplifier blocks the dc 
component of voltage and allows only the ac component to pass through it. 
The amplified signal was then fed to a fast Fourier transform based 
spectrum anafyzer (HP365565A, Hewlett Packard), which measures the 
spectral density of voltage noise and its firequency spectrum. A schematic 
diagram of noise measurement is shown in Fig. 2.7. 
RB 
^ Sample 
I 
Inside cryostat . . . ^ L 
Low noise 
preamplifier SR552 
Digital FFT 
Spectrum 
Analyzer 
HP35665A 
Fig. 2.7 A representation of the noise measurement setup. 
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The excess noise arising due to conductance fluctuations was 
extracted from the observed noise spectrum by subtracting the background 
noise, which is the sum of the preamplifier and thermal noise (4kBTR). 
Furthermore, to make sure that the contacts did not contribute to the noise, 
we checked the linearity of the current-voltage characteristics at several 
temperatures during the noise measurements. The current-voltage 
characteristics were found to be linear within the range of current values 
employed in the measurements. 
We studied J / /no i se on pristine and irradiated (190 MeV Ag ion) of 
LaFei.jNixOa (x=0.3, 0.4 and 0.5) and Fe304 thin films at Inter-University 
Accelerator Center (lUAC), New Delhi, India. 
2.6.3 Measurement of Magnetic Properties 
Magnetic properties of the materials can be measured using several 
techniques such as Vibrating Sample Magnetometer (VSM),'*^ 
Superconducting Quantum Interference Device (SQUID) ,'*'-^ ° the Hysteresis 
Meter (HM) and the Alternating Gradient Field Magnetometer (AGFM). VSM 
is the most common instrument because it offers the best combination of 
performance capabilities and can accommodate a large range of samples 
with widely different properties. 
In this research work, Alternating Gradient Field Magnetometer 
(AGFM) (Micromag-3900, Princeton Measurements, USA) with a sensitivity of 
10"^  emu has been employed to measure the magnetic property of all studied 
samples at Trinity College, Dublin, Ireland. 
2.6.3.1 Alternating Gradient Field Magnetometer 
The Alternating Gradient Force Magnetometer (AGFM or AGM) is a highly 
sensitive measurement system, capable of measuring hysteresis properties 
on a wide range of sample types and strengths. Because of its high 
sensitivity, great caution must be exercised in its use to avoid large errors in 
the measurement results. It uses a modified technique to conventional 
vibrating sample magnetometiy. Traditionally, a sample placed in a 
magnetic field is vibrated at a fixed fi-equency via an electro-mechanical 
transducer. However, in AGFM an alternating gradient field is utilized to 
exert a periodic force on a sample placed within a variable or static dc field 
of an electromagnet, as shown schematically in Fig. 2.8. The force is 
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proportional to the magnitude of the gradient field and the magnetic 
moment of the sample. The force deflects the sample and this deflection is 
measured by a piezoelectric sensing element mounted on the probe arm. The 
output signal from, the piezoelectric element^''^^ is synchronously detected at 
the operating frequency of the gradient field. Operating near the mechanical 
resonant frequency of the assembly enhances the signal from the 
piezoelectric element. The AGFM has a noise floor of 10"^  emu compared 
with 10"^  emu for the VSM. 
AGFM is highly sensitive and applicable for the present application 
purpose. However, it has some misleading information in most cases due to 
the following: 
1. The piezoelectric reed sample holder of AGFM which is fragile and 
expensive, must operate at the resonance frequency of the sample 
holder which depends on the mass of the sample/substrate 
combination. A new sample requires re-tuning to its resonance 
frequency and if its magnetic moment is low, automatic tuning does 
not work and the user has to do it manually. 
I Piezo Sensor 
Sample 
Gradient coils 
Magnet 
Fig. 2.8 An illustration of Alternating Gradient Force Magnetometer. 
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For AGFM the measured moment is very sensitive to sample 
placement due to the gradient field. To obtain a calibrated reading, 
the sample and the calibration standard must be identical in mass 
and size. 
When measuring low coercivity samples (-100 Oe or smaller) it is 
necessary to reduce the magnitude of the gradient field in order to 
maintain accuracy. This reduces the sensitivity of the AGFM. This 
severely limits the capability of AGFM to measure low coercivities, 
since the alternating field cycles through part of the hysteresis loop. 
Similarly, the gradient field limits the accuracy of remanence 
measurements since the field is cycling through a minor loop 
around remanence. 
The AGFM has limitation in measuring samples with large magnetic 
moments. 
^ 
SS^ 
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3 
Structural and electrical transport studies of Ni-doped LaFeOg 
3.1 INTRODUCTION 
During the last few decades, there has been a resurgence of interest in the 
study of the transition metal oxides (TMO), which exhibit spectacular variety 
of inspiring physical properties such as dielectric, magnetic, optical and 
transport properties owing to the strong electron correlation effect in the 
system. The discovery of high-Tc superconductivity' in cuprate systems; 
metal-insulator (MI) transition, colossal magneto resistance and charge 
ordering in manganites^ and many other phenomena in other TMO systems, 
further regenerated the efforts to understand the electronic structure of 
TMO and the effect of disorder on the electronic correlation effects. Most of 
these properties are due to the close interplay between the magnetic and 
electronic properties arising from the simultaneous presence of strong 
electron-electron interaction potential within the transition metal d orbital 
and a sizeable hopping interaction between the transition metal d and 
o^ QTgen p orbitsils. 
Recently, many efforts have been made to understand the electronic 
structure of perovskite based TMO systems such as LaFeOs, LaCoOa, 
LaCrOa, LaNiOa and LaMnOa^"* and also of doped manganites.^" It is 
appealing to note that while LaNiOa has rhomibohedral perovskite structure 
and is a Pauli-paramagnetic metal with high electrical conductivity at room, 
temperature,'2 the other TMO systems are generally insulators. This 
provides an interesting occurrence of MI transition as one goes from LaNiOa 
to the end member of another TMO system (for instance LaFeOa), at a 
critical substitution concentration of the corresponding transition metal 
element (viz. Fe in LaNii.xFexOa).''*-'^  This presents a prospect to explore the 
Mott's criteria of dependence of MI transition on the critical charge carrier 
density by moving in one such series from one end member of LaNiOa to the 
other. It has also been recognized that the MI transition phenomena 
occurring in the mixed systems correspond to the structural transition as 
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well.^* These aspects have generated several motivating studies in this 
direction in the mixed composition of LaNij.^ MxOa (M = Cr, Mn, Fe or Co).''"'^ 
In the present study we report our observations of dependence of Ni 
concentration on the electrical and structural evolution in the LaFei.^NixOs 
(0 ^ X < 0.6) compound in the semiconducting substitutional range. The 
semiconducting region in the composition has been chosen with the 
incentive to avoid any disorder effects due to the structural transition. 
LaNiOa has the carrier density of about SxlO^^/cm^ and is electrically 
conducting at room temperature.^^ On the other hand LaFeOa having 
orthorhombic perovskite structure is an insulator and shows weak 
ferromagnetic transition at Neel Temperature TN ~ 750 K.^ ^ 
Rao et al.13 have shown that in LaNii.^ FCxOa series, with the increase 
in Fe concentration, the itinerancy of d electrons decreases and these oxides 
become semiconducting for Fe concentration higher than 20 %. They also 
observed that structural transition takes place from rhombohedral (LaNiOa) 
to orthorhombic (LaFeOs) at Fe concentration of ~ 50 % or above in LaNiOa. 
Ganguli et al.^ "* studied the series of LaNij.xMjjOa (M = Cr, Mn, Fe or Co) 
observing that there was a characteristic critical composition (xj to bring in 
transition from metallic to nonmetallic status. For Fe substituted series, 
they too reported the structured transition as by Rao et sd.'^ and the x^ was 
in the range of 0.25 < x^ < 0.35. The reported Xc was different for different 
transition metal elements, indicating the MI transition to be due to disorder 
effects. Chainani et al.'^ in their work reported that the semiconducting 
compositions (Fe ^ 0.3) exhibit variable range hopping (VRH) model at high 
temperatures confirming the role of disorder in causing the MI transition. 
The electronic structures of the LaNii.xM^Oa (M=Mn, Fe and Co) series have 
been investigated by Sarma et al.^^ with the help of x-ray absorption spectra 
(XAS) at the oxygen iC-edge. They suggested that in these systems the MI 
transition is due to the potential mismatch between the substituent metal 
ion and Ni*^  ion, which causes the transfer of hole states from near Ep to an 
energy position above Ep. Recently, Massa et al. ^ ' have studied in detail the 
infrared properties of LaNii.xFexOa to understand the phonon structure 
yields to the carrier contributions as the system undergoes metal to 
insulator behaviour. With these reports available in the literature, it seems 
that the series has been studied well across the metallic phase of LaNiOa to 
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the insulating phase of LaFeOa. However, it would be useful to study 
systematically the dependence on Ni concentration of the evolution of 
electronic phase vis a vis the effect of disorder on the electronic property of 
LaFei.jtNijOs series while remaining in semiconducting region of the 
composition (i.e., without crossing the critical composition for insulator to 
metal transition). In the present work, we have investigated the electrical 
transport, the crystallographic and electronic structure of LaFei.xNixOa 
(x <. 0.6). The emphasis is on understanding of its electronic properties and 
electronic structure in a stable phase. 
3.2 EXPERIMENTAL 
The samples of LaFei.xNixOa (0 < x < 0.6) were synthesized using standard 
solid state reaction technique. The stoichiometric amounts of high purity 
LaaOa. F^O ^i^d NiO powders were mixed thoroughly and precalcinated for 
12 hours at 1000 °C. The pre calcinated materials were again ground and 
calcinated at 1250 °C for 24 hours. Finally, the samples were ground to fine 
powder, pressed to the pellet form and sintered at 1300 °C for 24 hours. 
This sintering procedure was repeated three times to get better homogeneity 
in the samples. Powder x-ray diffraction (XRD) measurements were 
performed using Philips Difiractometer PW 3020 with Cu-K„ radiation at 
room temperature. All the samples exhibit single-phase orthorhombic 
structure. 
Electrical resistivity measurements were performed using 
standard four probe technique in the temperature range 9-300 K using a 
close cycle refrigerator (CTI-8200) and the temperature was controlled to 
±50 mK using Lakeshore temperature controller. All the resistivity 
measurements were carried out in the warm up cycle. The x-ray absorption 
measurements on these samples along with Fe203 and NiO at O K-, Fe L23-
and La M .^s- edges were made using the high-energy spherical grating 
monochromator (HSGM) beam line of the Synchrotron Radiation Research 
Centre (SRRC), Taiwan, operating at 1.5 GeV with a maximum storage 
current of 200 mA. The spectra were measured using the sample drain 
current mode at room temperature and vacuum in the experimental 
chamber was in low range of 1 0 ' torr. The resolution of the spectra was 
better than 0.2 eV. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 X-ray Diffraction 
Figures 3.1(a) and 3.1(b) show the expeiimental and calculated XRD 
patterns using Rietveld refinement technique for LaFei.xNixOs (x= 0, 0.1, 0.3, 
0.4, 0.5 and 0.6) samples. The analysis of powder XRD patterns at room 
temperature shows that all the samples are formed in single phase with 
orthorhombic crystal symmetry having space group Pnma. 
C 
3 
"55 
c 
0) 
*•• 
200 
160 
120 
80 
40 
0 
-40 
450 
375 
300 
225 
150 
75 
0 
-75 
120 
90 
60 
30 
0 
-30 
-
• 
2C 
^ 
1 t 
y -
A 
1 1 
A 
1 
— I — 
1 
1 
i' 
1 
I 1 
, ' . 
30 
1 1 1 1 1 p 1 1 — I — 
L a F e , . ^ N i ^ 0 3 
-
. 1 1 ':''•' ^ 
i L . . A A . A. • I l l I I > i i t i l l I I 1 1 1 ( 1 1 1 I I I 
_ 
, X = 0.1 
1 I 
t i l l t i I I I 1 1 1 1 I I 1 1 t 1 1 1 1 i l l 
-
-
-
1 x = o.o 
1 1 i 1 i A 
40 50 60 70 80 
26 (degree) 
F ^ . 3.1(a) XRD pattern of the compound LaFej.^i^Oa (x=0.0, 0.1 and 0.3). Dots 
plus line indicates the experimental data and calculated profile is the line overlying 
them. The lowest curve shows the difference between experimental and calculated 
patterns. The vertical bars indicate the expected reflection positions. 
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Fig. 3.1(b) XRD pattern of the compound LaFei.^ Ni^ Oa (x=0.4, 0.5 and 0.6). Dots 
plus line indicates the experimental data and calculated profile is the line overl5dng 
them. The lowest curve shows the difference between experimental and calculated 
patterns. The vertical bars indicate the expected reflection positions. 
However, as the concentration of Ni substitution increases to 0.5 and 
above, the line widths as well as the difference between the intensities of the 
measured and calculated spectra increase. It indicates that the system is 
getting distorted and the crystal symmetry approaching its form at the point 
of a phase transformation. 
A study of the effect of SHI irradiation on. Structural, electrical transport.. 75 
Hence, we can say that the samples exhibit single-phase 
orthorhombic crystal symmetry below 60% Ni substitution, which is in 
agreement with the results*^''^•'^'^* reported earlier. Table 3.1 gives the 
calculated lattice petrameters and the unit cell volume for these samples. It 
is clearly evident from these values that parameter a is decreasing with the 
increase in Ni concentration, whereas the parameter b shows only a slight 
decrease for the sample with 50% Ni substitution and the parameter c 
shows a small irregular variation. The variation of the lattice parameters and 
unit cell volume with Ni concentration are shown in Fig 3.2. The overall unit 
cell volume is found to decrease with the increase in Ni concentration, 
obviously because of the replacement of Fe*^ (high spin) with Ni*^ (low spin) 
having a smaller radius. From these observations we find that in this 
substitution range our samples are in single phase with orthorhombic 
structure. 
Table 3.1 The lattice parameters and the unit cell volume for different compositions 
of LaFei.,,Ni,03 (x=0.0, 0.1, 0.3, 0.4, 0.5 and 0.6). 
Composition 
LaFeOa 
LaFeo.9Nio.1O3 
LaFeo.7Nio.3O3 
LaFeo.6Nio.4O3 
LaFeo.5Nio.5O3 
LaFeo.4Nio.6O3 
Crystal 
symmetry 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
Orthorhombic 
a (A) 
5.57111 
5.55485 
5.53904 
5.53221 
5.51897 
5.49442 
b(A) 
7.87368 
7.85359 
7.81601 
7.80138 
7.80099 
7.80367 
c(A) 
5.53483 
5.55254 
5.53835 
5.51003 
5.50539 
5.52043 
Unit cell volume 
242.786 
242.233 
239.773 
237.804 
237.025 
236.698 
We have fitted aU lattice parameters shown in the above table with 
the help of PowderX and FullProf softwares available for the fitting of the 
lattice parameters. The maximum deviation that occurred between the 
obser/ed and calculated values of the interplanar spacing (d value) remains 
below 0.03623 A, while in most of the cases there is hardly any difference 
between the two values. The observed and calculated d values with FWHM 
at different 29 values for LaFcL^Nij^ Os (x = 0.0, 0.1, 0.3, 0.4, 0.5 and 0.6) are 
tabulated in Tables 3.2 to 3.7. 
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Fig. 3.2 The variation of the lattice parameters and unit cell volume with Ni 
concentration. 
Table 3.2 The observed and calculated interplanar distances at different 20 values 
for LaFeOg. 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
hkl 
101 
120 
200 
210 
220 
202 
212 
301 
311 
321 
20 (degree) 
22.367 
27.706 
32.003 
33.994 
39.512 
45.981 
47.487 
51.817 
53.167 
57.214 
d.b..(A) 
3.92085 
3.18464 
2.77028 
2.61398 
2.26358 
1.96119 
1.90288 
1.75456 
1.7134 
1.60211 
ded.(A) 
3.92837 
3.18042 
2.77825 
2.61556 
2.2586 
1.96418 
1.90409 
1.75706 
1.71365 
1.60049 
difr.(A) 
0.00752 
-0.00422 
0.00797 
0.00158 
-0.00498 
0.00299 
0.00121 
0.0025 
0.00025 
-0.00162 
FWHM 
0.4579 
0.6000 
0.4218 
0.3000 
0.4117 
0.4416 
0.5000 
0.4441 
0.4500 
0.4610 
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11 
12 
13 
14 
15 
16 
17 
18 
232 
331 
400 
410 
420 
060 
402 
161 
58.579 
63.505 
67.191 
68.285 
71.95 
72.915 
76.446 
77.584 
1.5682 
1.45852 
1.38755 
1.36807 
1.30745 
1.29258 
1.24169 
1.22638 
1.56409 
1.45328 
1.38912 
1.36737 
1.30778 
1.29287 
1.24239 
1.22807 
-0.00411 
-0.00524 
0.00157 
-0.0007 
0.00033 
0.00029 
0.0007 
0.00169 ^ 
0.6500 
0.4500 
0.4509 
0.5500 
0.5000 
0.6000 
0.4953 
Ai,:<0.5500 
/ / 
•7 
Table 3 .3 The observed and calculated interplanar distapce,s at different 26 values 
for LaFeo.9Nio.1O3. '. \ 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
hkl 
020 
111 
121 
030 
220 
040 
230 
141 
311 
240 
151 
242 
060 
161 
252 
26 (degree) 
22.412 
25.08 
32.014 
34.011 
39.545 
46.034 
47.514 
51.885 
53.205 
57.277 
63.629 
67.245 
71.936 
76.524 
77.621 
dob«.(A) 
3.92662 
3.51859 
2.77603 
2.61861 
2.2661 
1.96226 
1.90485 
1.75491 
1.71463 
1.60254 
1.45761 
1.38803 
1.30891 
1.24171 
1.22694 
dcal.(A) 
3.92563 
3.51378 
2.77712 
2.61709 
2.26716 
1.96282 
1.90462 
1.75592 
1.71418 
1.60288 
1.45813 
1.38856 
1.30854 
1.24151 
1.2266 
dlff .(Al 
-0.00099 
-0.00481 
0.00109 
-0.00152 
0.00106 
0.00056 
-0.00023 
0.00101 
-0.00045 
0.00034 
0.00052 
0.00053 
-0.00037 
-0.0002 
-0.00034 
FWHM 
0.4480 
1.0000 
0.4281 
0.3500 
0.4186 
0.4457 
0.4451 
0.4437 
0.4854 
0.4680 
0.5000 
0.4914 
0.5500 
0.5218 
0.6000 
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Table 3.4 The observed and calculated interplanar distances at different 26 values 
for LaFeo.7Nio.3O3. 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
15 
17 
19 
hkl 
101 
111 
021 
200 
210 
220 
131 
202 
212 
301 
311 
321 
400 
303 
402 
26 (degree) 
22.414 
25.166 
28.112 
32.066 
34.079 
39.619 
41.4 
46.121 
47.651 
51.961 
53.321 
57.404 
67.426 
72.087 
76.782 
d.b..(A) 
3.9212 
3.50273 
3.14548 
2.76914 
2.61135 
2.26042 
2.16783 
1.95758 
1.89859 
1.75161 
1.71029 
1.59855 
1.3842 
1.3061 
1.23779 
dc.i.(A) 
3.91611 
3.49747 
3.18171 
2.7692 
2.60866 
2.25543 
2.16116 
1.95806 
1.89876 
1.75138 
1.70857 
1.5968 
1.3846 
1.30537 
1.23841 
diif. (A) 
-0.00509 
-0.00526 
0.03623 
0.00006 
-0.00269 
-0.00499 
-0.00667 
0.00048 
0.00017 
-0.00023 
-0.00172 
-0.00175 
0.0004 
-0.00073 
0.00062 
FWHM 
0.4657 
0.5500 
0.7000 
0.4794 
0.4000 
0.4998 
0.6000 
0.5583 
2.4500 
2.4500 
0.5408 
0.5000 
0.7153 
0.7000 
0.7621 
Table 3.5 The observed and calculated interplanar distances at different 29 values 
for LaFeo.6Nio.4C3. 
S.N. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
.1.0 
11 
12 
13 
hkl 
101 
111 
200 
030 
201 
220 
221 
202 
212 
103 
321 
331 
242 
26 (degree) 
22.586 
25.29 
32.209 
34.643 
36.111 
39.789 
43.05 
46.326 
47.791 
52.238 
57.616 
63.859 
67.763 
dob«.(A) 
3.92983 
3.51614 
2.77582 
2.58644 
2.48469 
2.26333 
2.09927 
1.95831 
1.90169 
1.74991 
1.59881 
1.45685 
1.38216 
de.I.(A) 
3.92067 
3.50276 
2.77993 
2.59899 
2.48372 
2.26342 
2.09472 
1.96033 
1.90117 
1.74956 
1.602 
1.45572 
1.38223 
difr.(A) 
-0.00916 
-0.01338 
0.00411 
0.01255 
-0.00097 
0.00009 
-0.00455 
0.00202 
-0.00052 
-0.00035 
0.00319 
-0.00113 
0.00007 
FWHM 
0.5059 
0.4500 
0.5462 
0.3500 
0.500 
0.5507 
0.6500 
0.6582 
0.8500 
0.6000 
0.7054 
0.7000 
0.8176 
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14 
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061 
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72.346 
75.21 
77.111 
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1.26278 
1.23635 
1.30689 
1.26503 
1.23351 
0.00136 
0.00225 
-0.00284 
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0.8000 
0.5000 
0.8875 
Table 3.6 The observed and calculated interplanar distances at different 26 values 
for LaFeo.5Nio.5O3. 
S.N. 
1 
2 
3 
5 
6 
7 
8 
9 
10 
11 
12 
Table £ 
forLaF 
S.N. 
1 
2 
3 
4 
5 
6 
7 
hkl 
020 
200 
220 
040 
230 
301 
311 
321 
400 
420 
402 
».7 The ob 
eo.4Nio.6O3 
hkl 
020 
111 
002 
022 
131 
040 
032 
29 (degree) 
22.561 
32.208 
39.785 
46.319 
47.808 
52.17 
53.747 
57.596 
67.704 
72.534 
77.101 
served and ca 
20 (degree) 
22.626 
25.300 
32.293 
39.873 
41.598 
46.457 
47.981 
dob«.(A) 
3.88218 
2.75047 
2.24692 
1.94643 
1.88966 
1.74251 
1.69538 
1.5916 
1.37772 
1.29787 
1.23236 
de.L(A) 
3.89661 
2.75443 
2.24922 
1.9483 
1.88984 
1.74229 
1.70032 
1.59054 
1.37721 
1.2985 
1.23216 
culated interplanar distanc 
d.b..(A) 
3.89611 
3.49337 
2.7557 
2.25016 
2.1612 
1.94683 
1.88873 
dcid.(A) 
3.89528 
3.48987 
2.75447 
2.24899 
2.1621 
1.94764 
1.88952 
di£r.(A) 
0.01443 
0.00396 
0.0023 
0.00187 
0.00018 
-0.00022 
0.00494 
-0.00106 
-0.00051 
0.00063 
-0.0002 
ses at differei 
difr.(A) 
-0.00083 
-0.0035 
-0.00123 
-0.00117 
0.0009 
0.00081 
0.00079 
FWHM 
0.4447 
0.4815 
0.5027 
0.5531 
0.4500 
0.6704 
0.6500 
0.6083 
0.8038 
0.65 
0.8356 
It 29 values 
FWHM 
0.4573 
0.4500 
0.4999 
0.5005 
0.5500 
0.5413 
0.6000 
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8 
9 
10 
11 
12 
13 
103 
113 
042 
004 
024 
161 
52.305 
53.74 
57.752 
67.852 
72.659 
77.273 
1.74293 
1.69989 
1.59138 
1.37772 
1.29823 
1.23203 
1.7428 
1.70076 
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3.3.2 Electrical Resistivity 
In order to understand the effect of the carrier doping by Ni substitution in 
LaFeOa, we have measured the electrical resistivity as a function of 
temperature in the temperature range 9-300 K. The pure LaFeOs sample 
shows resistivity around GQ-cm at room temperature and at low 
temperature it is inmieasurably high, showing that the sample is an 
insulator. Fig. 3.3 shows the resistivity as a function of temperature for the 
samples LaFeL^Ni^Oa (x=0.1, 0.2, 0.3, 0.4, 0.5 and 0.6). It is clearly evident 
in the plots that the resistivity at room temperature is decreasing witii 
increasing Ni substitution and for 60% Ni substitution it drops to 5 mfl-cm 
at room temperature, which is a demonstration of their semiconducting 
nature. It is evident that the resistivity value spans in the range of few 
GQ-cm to 5 m£2-cm; (a change of 12 orders of magnitude) as one goes from 
LaFeOa to LaFeo.4Nio.6O3. 
To understand this nature of resistivity data, we have analyzed our 
results in the Mott's variable range hopping (VRH) model. Fig. 3.4 shows the 
Inp versus T"^ '^* plot for all the samples. These plots reveal that higher 
temperature data fit very well with VRH model. The slope of the curve is 
decreasing with increase in the Ni concentration, which indicates that the 
activation energy or overall hopping potential is decreasing with the carrier 
doping via Ni substitution. Table 3.8 shows the temperature down to which 
the VRH model fits the data well, the resistivity value at the lower limit of 
temperature and the activation energy calculated using VRH model. It has 
been noticed that the activation energy decreases with the Ni substitution 
very fast fi-om 9.10 meV (for 10% Ni) to 2.15 meV (for 60% Ni), whereas for 
pure LaFeOa it is around 2 eV (reported in literature^ and also shown by our 
XAS data; see next section). 
A study of the effect of SHI irradiation on. Structural, electrical transport.. 81 
22 
20 
18 
16 
14 
f 12 
'a. 
C 
10 
8 
6 
4 
2 
0 
-2 
-4 
1—'—r -"—r -"—r 
LaFe^.^Ni^03 
X=0.1-
X=0.4 
X=0.5-| 
X=0.6 
J I I I I i_ 
0 50 100 150 200 250 300 350 
T(K) 
Fig. 3.3 Resistivity as a function of temperature for different compositions of 
LaFei.^ Ni^ Oa (x=0.1 to 0.6). 
These observations are consistent with the earlier data reported in 
literature wherein it has been suggested that as long as the members of this 
series are in semiconducting region they obey VRH model over a limited 
range of temperature. ^ •^''* This observation indicates that the electronic 
property in the system is driven by the induced disorder effect due to the 
presence of two different homovalent transition metal elements (Fe and Ni). 
It can be explained on the basis that pure LaNiOa has carrier density around 
8xl0^^/cm^, and as we are substituting the Ni in LaFeOa we are doping the 
carrier in the system; for example, we have doped the carrier in the range 
8X10'^ (for 10% Ni) to 4.8xl0*«/cm3 (for 60% Ni). This increase in carrier 
density in the system decreases its energy gap. 
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Fig. 3.4 Plot of Inp against T'^^'' of the resistivity data for samples LaFei.xNi^Oa 
(x=0.1 to 0.6). Line plus dot indicates the experimental data, while solid line shows 
the calculated linear fit in the VRH model. 
Table 3.8 Resistivity and activation energy for different compositions of LaFei.xNi^Oa 
(x=0.1 to 0.6). 
Composition 
LaFeo.9Nio.1O3 
LaFeo.8Nio.2O3 
LaFeo.7Nio.3O3 
LaFeo.6Nio.4O3 
LaFeo.5Nio.5O3 
LaFeo.4Nio.6O3 
X(K) 
142.41 
114.54 
54.76 
55.97 
75.29 
85.22 
p (Q-cm) at Tj 
4.5739x10^ 
6.8347x10^ 
6.6812x10'* 
6.2090x102 
5.2021x10° 
5.3001x10-1 
Ee{meV) 
9.10 
6.84 
6.63 
4.90 
3.09 
2.14 
"The temperature below which VRH model is not applicable. 
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In general, for these systems the degeneracy level reaches around 
Nc=5xl0'®/cm3 and so we can say that with 63% Ni substitution the system 
will undergo insulator to metal transition (also observed in earlier reported 
electrical resistivity measurements*'*''^ and infrared reflectivity studies by 
Massa et al.*^. The decrease in the gap parameter can also indicate that the 
correlation length in the conducting network is increasing. These results 
together with the VRH model, tend to suggest that the conduction in these 
materials is governed by the disorder induced localization of charge carriers, 
as also proposed by Sarma et al.'^ in LaNi^ xM^Oa (M = Mn and Fe) and 
MacEachem et al.^^ in LaTiOa. 
3.3.3 X-ray Absorption Spectroscopy 
We have measured the x-ray absorption spectra at O i^ C-edge and Fe L2.3-
edges to investigate the electronic structure of LaFei.^ tNixOa close to Fermi 
level, which is dominated by the transition metal 3d and 0-2p states. 
Fig. 3.5 shows the normalized spectra measured at O i^ C-edge for LaFej.xNixOa 
samples for x=0 to x=0.5 at room temperature (300 K). The spectra of NiO 
and Fe203 are also shown in Fig. 3.5 for comparison. These spectra are 
normalized to have the same area in energy range 550-560 eV (not fully 
shown) after folloTving the standard procedure for backgrovmd subtraction. 
It is well known that the x-ray absorption spectra at O if-edge probe the 
unoccupied states with the O 2p S5mimetry due to the dipole selection rules. 
These arise mainly from the hybridization of O 2p states with the different 
states of neighboring atoms, in the present case namely, 3d state of Fe, Ni 
and also the d state of La. First of all, we would like to understand the 
spectrum of pure LaFeOa. The well defined doublet in the spectrum of pure 
LaFeOa marked a and a' arises from the covalent or hybridization mixing of 
p states of oxygen with the Fe d density of states. They may occur due to the 
crystal-field splitting of Fe 3d level in f2g and e^ levels by the presence of local 
cubic field around the Fe site. In the energy region 534-537 eV the features 
marked as b and b' can be assigned to the mixed states of O 2p and La d 
states whereas the broad features in higher energy region may be attributed 
to the mixing of Fe 4sp and La 5sp states. All these features observed in 
pure LaFeOa spectrum are consistent with the reports of earlier workers.^' ^^  
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Fig. 3.5 Normalized O-if edge XAS spectra of LaFei.xNi,03 (x=0.0 to 0.5). 
Now, we discuss the spectra of Ni substituted LaFeOa samples. It has 
been noticed that in the spectrum for x=0.1 (10% Ni substitute) a small 
feature appears at 527 eV, which is about 2eV lower than the energy of the 
pre-edge peak in pure LaFeOa system. This feature grows in intensity as the 
concentration of Ni increases. With the increase in intensity of this new 
feature, the relative intensity of the doublet structure decreases and at 50% 
Ni substitution it is hard to resolve the doublet from that of the LaFeOa and 
appears as a broad structure. The spectrum in the high energy region 
remains same. To understand these observed features in our spectra of 
x=0.1 to x=0.5, we have compared our results with the results reported in 
literature on the pure LaFeOa and LaNiOa using Bremsstrahlung isochromat 
(Bl) spectra, which can be easily compared with the x-ray absorption data.^ 
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Fig. 3.6. Normalized Fe Lj.a -edge XAS spectra of lAFei.xNi^ Os (x=0.0 to 0.5). 
As reported by Sarma et al.,^ the spectral features for LaFeOa, 
dominated by Fe 3d states appear at 3 eV and 4.4 eV, whereas in the case of 
pure LaNiOa a narrow feature appeared at 1 eV due to the existence of 
strong correlation effects within the metallic conduction band derived from 
the interaction between Ni d and O p states.^ Similar effects have been 
observed in our O K-edge x-ray absorption spectra for Ni substituted 
samples. The clear distinction between the two peaks i.e. the peak from the 
Ni states and Fe states have been observed and the energy difference 
between them is also about 2 eV as reported in BI spectra. It can also be 
seen from Fig. 3.5 that the Ni states character dominates as the Ni 
substitution concentration is increased. This indicates that the metallic 
conduction band width is increasing, which is supported by our electrical 
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transport studies showing a sharp decrease in resistance with the 
substitution of Ni in LaFeOs. Accordingly, the activation energy also 
decreases. It is recalled here that Sarma et al.^^ have also investigated the 
XAS study of this series at O K- edge for the pure LaFeOj, 30% and 50% of 
Ni substitution in LaFeOa of our interest. 
820 840 860 880 
Photon Energy (eV) 
Fig. 3.7 Normedized La M45 -edge XAS spectra of LaFci.xNixOa (x=0.0 to 0.5). 
Our findings are consistent with theirs; however, we note that the 
spectra do not clearly resolve the spectral features of Fe and Ni ions 
distinctly, which may be due to the resolution (-0.4 eV). In the presented 
data the resolution is better than 0.2 eV and hence we can clearly observe 
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the evolution of Ni 3d character as Ni concentration is increased in 
LaFei.jNixOa as well as the distinct features of Fe 3d levels. It is a well known 
fact that the multiple valence states of 3d transition metals are 
characterized by x-ray absorption spectra measured at Lj^-edges. The 3d 
transition metals also exhibit valence specific multiplet structures and 
chemical shift towards higher energy losses with increasing oxidation 
state.^'*'^^ Also the Lj 3-edges are very strongly influenced by the core-hole 
potentials.^^'^^To understand the valence state of Fe and Ni in these samples 
and also the effect of core-hole potential, which changes with the Ni 
substitution in LaFeOa, we have measured the x-ray absorption spectra of 
Fe L2_3-edges. Fig. 3.6 shows the Fe Lja spectra of pure LaFeOs and Ni 
substituted samples for x=0.1 to x=0.5 together with the spectra for FcaOa as 
reference. 
It is evident that the valence state of Fe in these compounds is +3 
as their spectra have features similar those of the Fe203 spectra. All these 
spectra show two broad multiplets structures, I3 and L2, separated by spin 
orbit splitting of the Fe 2p core-hole. The spectra can be very similar and as 
Ni replaces Fe, the shoulder like satellite structure becomes broader 
reflecting the increasing delocalised nature of Fe 3d electrons. Also, the 
intensity is increasing with Ni concentration indicating the insulator to 
metallic behaviour, which is consistent with the resistivity data. However, 
the valency of Fe remains consistently same since the peak position remains 
constant within the resolution of our measurements. Since there is 
interference of La Mj^-edge with Ni L23-edges, the data of Ni 2p is not 
presented and discussed. However, La A44_5-edge spectra are shown in 
Fig. 3.7 and the spectra resemble those of any other trivalent La system. 
3.4 SUMMARY 
We have synthesized single phase of LaFe^xNi^Os (0 < x ^ 0.6) materials and 
studied their electronic structure using x-ray absorption near edge structure 
(XANES) spectra oiO K-, Fe 12,3- and La M,,5-edges. On substitution of Ni at 
Fe site in LaFeOs, the O if-edge spectra show a new structure about 2.0 eV 
lower than that of LaFeOs. This new feature is growing as the concentration 
of Ni is increasing. This is consistent with the results of resistivity data, 
which show that the resistivity decreases very fast with Ni substitution from 
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GQ-cm for LaFeOa to a few mQ-cm for sample with 60% Ni substitution. The 
resistivity data have been analyzed using variable range hoping model and 
found that the gap parameter reduces systematically with the Ni 
substitution. This gap parameter decreases very systematically with the 
substitution concentration. The structural analysis also reveals that the 
samples exhibit single-phase orthorhombic structure with space group 
Prima upto the 60% substitution level. From the Fe Lj.a-edge structures we 
have found that the Fe ions are in the trivalent state. The observed features 
have been explained on the basis of charge carrier doping in LaFeOa. From 
the above-mentioned observations, it is evident that the disorder-induced 
localization is found to effectively control the resistivity behaviour. 
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4 
Semiconducting and ferromagnetic properties of Ni-doped 
LaFeOs thin films before and after irradiation 
This chapter deals with the structural, electrical transport, magnetic and 1 / / 
noise properties of Ni-doped LaFeOa thin films. We have further divided the 
chapter into two parts, part I the explaination of the above mentioned 
properties of unirratiated samples whereas, part II shows the effect of SHI 
irradiation. 
4.1 INTRODUCTION 
Over the last few years there has been extensive study in the direction of 
search for the materials possessing ferromagnetic property as well as the 
semiconducting property because of their potential applications in the 
spintronics devices, wherein the spin controlled electrical, optical and 
magnetic properties are desired. ^ -^  The study has jdelded several systems 
such as magnetic multilayers,^ Fe304,'* perovskite based transition metal 
oxides etc.^ Study on transition metal oxides (TMO), has revealed impressive 
diversity of exciting physical properties such as dielectric, magnetic, optical 
and transport properties because of the strong electron correlation effect in 
the system. The TMOs exhibit high-Tc superconductivity in cuprate systems; 
metal-insulator (MI) transition, colossal magneto resistance and charge 
ordering in manganites and many other phenomena in other TMO 
systems. ^ ^ 
Among several TMO based systems of LaTOa (T = Fe, Co, Or, Ni and 
Mn), LsiNiOa has rhombohedral perovskite structure and is a Pauli-
paramagnetic metal with high electrical conductivity at room temperature, ' 
while the other TMO systems are generally antiferromagnetic insulators, 
except for LaFeOa which shows ferrimagnetic transition at Neel Temperature 
TN ~ 750 K.*"-^ * Therefore, the series of LaNii.jjFe^eOa samples provides an 
ideal opportunity to observe an interesting co-occurrence of MI transition 
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accompanied with a paramagnetic to fenimagnetic transition in the same 
member of the series at a critical substitution concentration of Fe/Ni ions. 
This presents a prospect to investigate the Mott's criterion of the dependence 
of MI transition on the critical charge carrier density by examining in such 
series from its one end member (LaNiOa) to the one at the other end 
(LaFeOa). 
There are several reports available on bulk samples of LaNii.xFCxOa 
series by various groups including ours, where disorder induced MI 
transition, structural transition from rhombohedral (LaNiOa) to 
orthorhombic (LaFeOa) at Fe concentration of ~ 50% and the inverse 
dependence of itinerancy of d electrons with the Fe concentration have been 
observed. 15"'^  It is suggested that in these systems the MI transition is due 
to the potential mismatch between the substituent metal ion and Ni*^  ion 
which causes the transfer of hole states from near Ep to an energy state 
above Ep. Most of these observations have been made on polycrystalline bulk 
samples, where the contribution from grain boundaries could not be 
avoided. In the present work, we report our observations on the 
correspondence between the structural, electrical and magnetic properties of 
thin films of LaFej.xNixOa (x = 0.3, 0.4 and 0.5) and propose that this system 
may prove to be a good candidate from the sprntronics point of view. To the 
best of our knowledge, no report is available on the thin films of this series. 
We focus our present study on these "x' values because for lower 'x' value the 
films become insulating enough to show any transport. Moreover, our 
intention is to establish the regime where the composition may show the 
semiconducting ferromagnetic behaviour. Beyond x=0.5, there is a 
possibility of structural transition and the structure is found to become 
unstable. 
It is worth mention here that the magnetic and electronic properties 
in these systems account for the simultaneous presence of strong electron-
electron interaction within the transition metal d orbital and a sizeable 
hopping interaction between the electrons in transition metal d and oxygen 
p orbitals. These interactions are very susceptible to the lattice strain and 
disorder. In this framework, the swift heavy ion (SHI) irradiation is an 
established technique to fashion controlled defect states in the material and 
proposes the prospect of renovating the materials usefulness. 
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Over the last few years, several groups including ours have 
established that the SHI irradiation can be utilized to tune the useful 
material properties in several oxide systems such as high-Tj 
superconductors, colossal magnetoresistance materials and other oxide 
systems.^'^*'* Depending on the choice of energy and type of ions, SHI 
irradiation can generate various kinds of defects such as point defects and 
columnar amorphization in the target material and can renovate the 
material properties by annealing out the pre-existing defects or strain in the 
system. These defects can create structural disorder or localized strain in 
the lattice of the target material. In the present work we attempt to observe 
the effect of SHI irradiation on the electrical and magnetic properties of 
LaFeo.5Nio.5O3 thin films. Also, it would be worth probing the effect of 
irradiation on the lattice structure of this composition as it has been 
reported that the composition is a border for structural transition from 
orthorhombic to rhombohedral across the LaNii.xFCxOa series.'^ 
4.2 EXPERIMENTAL 
The polycrystalline bulk targets of LaFei.xNi^Oa (x=0.3, 0.4 and 0.5) were 
synthesized using standard solid-state reaction technique,'^ discussed in 
the last chapter. Using these well-characterized polycrystalline bulk targets 
of LaFci-xNixOa (x = 0.3, 0.4 and 0.5), pulsed laser deposition (PLD) 
technique (KrF excimer laser (X = 248 nm, ^=20 ns)) was employed to grow 
thin films. The substrate preferred for the purpose was [001] oriented LaAlOa 
single crystal in view of the close proximity of its lattice parameters with 
those of the target. LaAlOa (LAO) has rhombohedral structure with 
a = 3.788 A and shows a very good lattice match with LaFei.^NixOa 
[a = 3.884 A). However, LAO inflicts an in-plane compressive strain 
(Aa/asubst. ~ 2.5% for x = 0.3) on the film. Prior to deposition, the chamber 
was evacuated to the base pressure of 10"^ torr. During deposition, the 
ojQTgen partial pressure was kept at 300 mtorr and the substrate 
temperature was maintained at 750 °C while the target to substrate distance 
was kept at 5 cm and laser energy density was 1.8 J/cm^. After deposition, 
the deposited films were cooled down to room temperature in the ambient 
oxygen pressure at the rate of 20 °C/min. The films thickness was 150 nm. 
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However, for irradiation and further study, the fihn was cut into six 
nominally identical pieces in order to keep the growth conditions uniform for 
all the studied films. These pieces of thin films were irradiated with 190 MeV 
Ag ion beam using 15UD tandem accelerator at Inter-University Accelerator 
Centre (lUAC), New Delhi with different fluence values in the range 5X10^° to 
1x10^2 ions/cm^ at room temperature, while retaining one piece of thin film 
pristine (unirradiated). The irradiation was performed 5° away from the 
normal to avoid the channeling effects and also the beam current was kept 
as low as 0.1 pnA (~ 6.25X10^ ions/cm^/s) to avoid heating. The ion beam 
was focused to a spot of 1mm diameter and scanned over the entire area of 
the film using magnetic scanner. The fluence values were determined by 
measuring the charge falling over the sample surface under the secondary 
electron suppressed geometry. The ladder current was measured with a 
digital current integrator, and a scalar counter counted charged pulses. The 
films were characterized before and after irradiation by various methods 
such as x-ray diffraction (XRD), four-probe electrical resistivity 
measurement in the temperature range of 77 K to 300 K, isothermal dc 
magnetization hysteresis using alternating gradient force magnetometer 
(Micromag-3900, Princeton Measurements, USA) and 1/f noise 
measurements. 
PART I : UNIRRADIATED SAMPLES 
4.3 RESULTS AND DISCUSSION 
4.3.1 X-ray Diffraction 
The x-ray diffraction (XRD) 0-29 data as shown in Fig 4.1 of these films 
suggest the single phase, c-axis growth of the film. In Fig. 4.2 we show the 
x-ray rocking curve for the (002) peak for all the samples. From the 
separation between the film and substrate Bragg peak we determine the 
perpendicular lattice constant for the films. We notice that the peak 
separation decreases with the increase in Ni concentration indicating a 
decrease is lattice mismatch. ^ ^ The full width at half maximum (FWHM) of 
the thin fihn peak for x = 0.3, 0.4 and 0.5 is 0.05°, 0.04° and 0.03° 
respectively. Small values of FWHM observed for these films indicate the 
high crystalline quality of the film. 
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29 (degree) 
Fig. 4.1 XRD pattern for LaFei.;,Nix03 (x=0.3, 0.4 and 0.5) thin films along with 
substrate (LaAlOa) peak. 
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Fig. 4.2 The rocking curve for the (004) peak for LaFei.xNi^Oa (x=0.3, 0.4 and 0.5) 
thin films along with the (002) (LaAlOa) substrate peak. 
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From the structural characterization, we infer that the films grown on 
[001] LAO substrate are under the in-plane compressive strain and highly 
c-axis oriented single-phase epitaxial films. 
4.3.2 Electrical Resistivity 
Figure 4.3(a) shows the electrical resistivity behaviour as a function of 
temperature for all the samples (x=0.3, 0.4 and 0.5). All the samples show 
semiconducting properties. These resistivity values in thin films are lower by 
an order of magnitude as compared to the values of their corresponding 
bulk samples. 18 Indeed, the lower values of resistivity in thin films suggest 
that the grain boundary density in thin films is much lesser than that in the 
bulk samples, as also indicated by the small FWHM values for these films. 
1000 r 
90 120 150 180 210 240 270 300 
T(K) 
Fig. 4.3 (a) Resistivity as a function of temperature for LaFei.,Ni,03 (x=0.3, 0.4 gmd 
0.5) thin films. 
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It is generally recognized that the Ni substitution in the LaFeOa leads 
to carrier doping, which consequently decreases the energy gap and hence 
the resistivity of the composition. However, carrier doping by chemical 
substitution generally brings in disorder in the system, which may tend to 
localize the carriers at the doping site. The carriers in the localized states 
move by a phenomenon known as variable-range hopping.'^ In order to 
understand the effect of disorder induced localization on the electrical 
transport behaviour, we have fitted our data with Mott's variable range 
hopping (VRH) model p(T) = poexp(To/T'^'') in the measured temperature 
range of 77 to 300 K. 
0.36 
IT (K)] -1/4 
Fig. 4.3 (b) Plot of Inp versus T^'^ of the resistivity data for LaFcL^ ^Ni^ Os (x=0.3, 0.4 
and 0.5) thin films. Line plus dot indicates the experimental data, while solid line 
shows the calculated linear fit in the variable range-hopping model. 
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Figure 4.3(b) shows the Inp versus T"^^^ plot for all the samples. We 
also observe that with increase in the Ni concentration, the slope of the 
curve decreases. This further confirms that Ni substitution in LaFeOa 
decreases the activation energy or overall hopping potential via carrier 
doping. These plots reveal that the data fit very well with the VRH model in 
the entire temperature range of measurement suggesting the conduction to 
be governed by the disorder induced localization of charge carriers. i7 
4.3.3 Magnetization 
In Fig. 4.4 we show magnetic hysteresis loops at room temperature for all 
the samples. A well-defined hysteresis loop with coercivity -110 Oe is seen 
in each case. However, it is observed that the saturation magnetization 
decreases with increase in the Ni concentration. 
-1000 -750 -500 -250 0 250 500 750 1000 
H(Oe) 
Fig. 4.4 The magnetic hysteresis loops for LaFci.xNixOa (x=0.3, 0.4 and 0.5) thin 
films at 300 K. 
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The constant coercivity in one series of members of ferromagnetic 
semiconductors having different saturation magnetization is not new.i' 
However, it should be pointed out here that coercivity of a magnetic thin fihn 
depends on various factors such as micro-magnetic structure of the film, 
magnetic anisotropy constant, magnetic exchange energy, saturation 
magnetization, intergrain domain wall, grain size, micro-structural defects 
etc. To estimate the contribution from each of these factors is beyond the 
scope of the present studies. The saturation magnetic moment for x = 0.3 
sample is 5 emu/cm^, while for x = 0.5 sample, it decreases to 
0.85 emu/cm^. Such a pronounced decrease in the magnetization with 
increase in the Ni concentration suggests the delocalization of d electrons 
participating in the conduction mechanism via exchange interaction 
between Fe and Ni ions. Indeed, in our resistivity data we observed that the 
increase in Ni concentration leads to lower resistivity values and a decrease 
in the energy gap. The Ms value for x = 0.3 and the clear hysteresis 
behaviour establish the strong ferromagnetic interaction which decreases 
with increase in Ni concentration. It should be recalled here that the 
magnetic and electronic properties in these transition metal oxides account 
for the simultaneous presence of strong electron-electron interaction 
potential within the transition metal d orbital and a sizeable hopping 
interaction between the transition metal d and oxygen p orbitals. In view of 
these observations it seems that increase in Ni concentration increases the 
number of itinerant d electrons participating in the hopping interaction and 
decreases the number of localized d orbital moments resulting in the decline 
of the saturation magnetic moment. The magnetization data together with 
the electrical resistivity data favour this system strongly for its application 
as a ferromagnetic semiconductor. 
4.3.4 1/f Noise 
Finally, we have studied the J/ /conduction noise properties in these thin 
films. The details of the noise measurements are given elsewhere. ^ ^ The 
spectral density of noise voltage Sv shows an inverse dependence on the 
frequency [1/f, a ~ 0.8-1.1) as shown in Fig. 4.5. The quadratic dependence 
of the bias current is shown in Fig. 4.6 for x = 0.4 at room temperature for 
10 Hz. All the samples show such type of behaviour throughout the studied 
temperature range (77-300 K) suggesting the noise to be of the conduction 
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fluctuation type.^° In order to compare our noise measurement results with 
others we have used Hooge's empirical relation for conductance fluctuations. 
T r—r T r 
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Fig. 4.5 Spectral density Sy as a function of frequency with bias current 5 jiA for 
LaFeo.6Nio.4O3 thin film at room temperature. 
According to Hooge's relation the spectral density of noise Sy in a 
homogeneous material is given as 
S,= y V V N / 
where V is the voltage across the samples, N^ is the number of carriers and 
a is a dimensionless parameter close to unity and y is a dimensionless 
constant known as Hooge's parameter. 
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Fig. 4.6. The quadratic dependence of the bias current for LaFeo.6Nio.4O3 thin films 
at 300K. 
The Hooge's parameter^o for these samples lies in the range of 100-
1000 at room temperature. These values of y are comparable to those of 
manganites and semiconductors.21-22 We also observe that y remains fairly-
constant with temperature (not shown here) for these compositions, as there 
is no crystallographic, electrical or magnetic transition taking place in the 
system across the studied temperature regime. 
4.4 SUMMARY 
We have studied the structural, electrical and magnetic properties of highly 
c-axis oriented single-phase epitaxial pulsed laser deposited thin films of 
LaFei.^Ni^Oa (x = 0.3, 0.4 and 0.5) grown on [001] oriented LAO substrate. 
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All these samples exhibit semiconducting behaviour, while their resistivity 
values decrease with increase in the Ni concentration in the composition due 
to decrease in the energy gap. The resistivity behavior fits well for all the 
samples with the variable range-hopping model signifying that the 
conduction is controlled by the disorder-induced localization of charge 
carriers. We observe a clear magnetic hysteresis loop with coercivity ~ 110 Oe 
for all the samples at room temperature establishing thereby their 
ferromagnetic nature. Their magnetization decreases with increase in the Ni 
concentration in the composition because of the increased number of 
itinerant d electrons ready to participate in the hopping interaction and thus 
decreasing the number of localized d orbital moments. The correlation 
between the electrical and magnetic properties in the present system 
projects it as a potential candidate for the spintronics oriented devices 
wherein the communication between the charge and spin is desired. 
Further, we have studied the effect of swift heavy ion (SHI) irradiation 
on LaFeo.5Nio.5O3 thin films with 190 MeV Ag ion beam using 15UD tandem 
accelerator at Inter-University Accelerator Center (lUAC), New Delhi at 
different fluence values in the range 5x10^° to IXIO'^ ions/cm^ at room 
temperature. As our previous studies for unirradiated x=0.5 thin film shows 
a drastic decrease in the resistivity as compared to x=0.3 and x=0.4 samples 
at room temperature. For the above reason we select x=0.5 for irradiation. 
The SHI irradiation upto a certain fluence would relax the thin film and 
make it preferentially oriented, increasing the magnetic order. No efforts to 
date have, however, been made to find the effect of the swift heavy ion 
irradiation on the properties of Ni doped LaFeOa. It is felt that the properties 
of the system can further be tuned with this treatment and make the 
material suitable for application in Spintronic devices. 
PART I I : IRRADIATED SAMPLES 
4.5 RESULTS AND DISCUSSION 
4.5.1 X-ray Diffraction 
The XRD pattern as shown in Fig. 4.7 indicate the c-axis oriented growth of 
the films increasing with the effect of SHI irradiation and the peaks conform 
to the orthorhombic structure. Fig. 4.8 show (212) phase of the composition 
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for the pristine as well as the 190 MeV Ag ion irradiated samples. The out of 
plane lattice parameter (c) calculated from the pattern is tabulated in 
Table 4.1. It is recalled here that the orthorhombic bulk LaFeo.5Nio.5O3 has 
the c parameter equalling 5.519 A. The c parameter for the as grown film is 
found to be 5.4883 A, suggesting that the lattice structure of the pristine 
film is under strain due to the lattice mismatch between the substrate and 
the composition. ^ 
20 30 40 50 
2e(degree) 
Fig. 4.7 X-ray diffraction pattern of pristine and 190 MeV Ag ion irradiated 
LaFeo.sNio 5O3 thin films with substrate (LaAlOa) peak of pristine and 190 MeV Ag 
ion irradiated. 
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After irradiation there is a systematic variation in the lattice 
parameter with the fluence and it can be noticed that for the highest 
irradiated dose value, c parameter moves close to the bulk value, indicating 
that with irradiation the lattice of the composition relaxes. Though in this 
process the (004) peak separation for the film and the substrate increases, 
giving evidence for the substrate induced strain in the film that would 
increase with the irradiation. Interestingly, we also notice that the (212) 
peak of the film vanishes with the increase in the fluence, suggesting a 
further texturing of the film along c-axis or rendering the film highly 
oriented along this direction. 
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Fig. 4 .8: X-ray diffraction pattern of pristine and 190 MeV Ag ion irradiated 
LaFeo.5Nio.5O3 thin films. 
A study of the effect of SHI irradiation on. Semiconducting and ferromagnetic... 105 
It is expected in such an oxide system that swift heavy ion irradiation 
of 190 MeV Ag ion may cause columnar amorphization zone along the path 
of ion, and hence can influence the lattice structure of the composition. This 
is consistent with the out of plsme expansion (in-plane contraction) of films 
peaks in XRD pattern of the irradiated films due to the presence of the 
amorphized columnar tracks. The SHI irradiation induced lattice parameter 
change and further texturing of the film is not an unusual phenomenon as 
our previous studies in CMR materials show a similar trend.^^ 
4.5.2 Electrical Resistivity 
In Fig. 4.9(a) we show the resistivity data for these samples. The pristine 
sample shows semiconducting behavior as expected. The irradiated films 
show a lower resistivity value throughout the measured temperature regime. 
—D— Pristine 
- • - 5X10" ions/cm^ 
- A - 1X10" ions/cm^ 
- T - 5X10" ions/cm^ 
-^- 1X10" ions/cm' 
Fig. 4.9(a) Resistivity as function of temperature for pristine and 190 MeV Ag ion 
irradiated LaFeo.5Nio.5O3 thin films. 
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The systematic decrease in the resistivity with the increase in the ion 
fluence goes well with the lattice relaxation; as revealed by the XRD pattern. 
As a result of this the hybridization between the Fe/Ni 3d and O 2p orbitals 
would increase, leading to increase in the bandwidth and further decrease in 
the energy gap (induced due to the presence of two different homovalent 
transition metal elements Fe and Ni). 
-1 
E 
o 
C 
- n - 5 X 10'" ions/cm' 
1X10''ions/cm' 
- A - 5 X 1 0 " ions/cm' 
-Tir- IX10" ions/cm' 
0.34 
[T(K)] •1/4 
Fig. 4.9(b) Plot of Inp versus T^''^ of the resistivity data of LaFeo.5Nio.5O3 thin films 
(the inset shows the plot for pristine film), the solid line shows the calculated linear 
fit in the variable range-hopping model. 
Fig. 4.9(b) shows the resistivity data fitted in the Mott's variable range 
hopping (VRH) model, in order to substantiate the effect of irradiation 
induced disorder/lattice relaxation in the system by plotting a graph 
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between Inp and T"'^'* for the pristine as well as the irradiated samples. It 
can be observed that the pristine sample shows a good fitting over the entire 
studied temperature regime. The irradiated samples, however, show a fairly 
linear behaviour in the higher temperature regime between room 
temperature and 110 K. At lower temperatures the behaviour deviates from 
the linearity. It should be mentioned here that the bulk sample of this 
composition shows a rather good agreement with the VRH model, though at 
lower temperatures it departs from the model. We infer from the data that in 
the as grown film the conductivity is possibly controlled by the disorder in 
the system due to the combined effect of the potential mismatch between the 
homovalent Fe*^ ion and Ni*^  ion and of the lattice distortion caused in the 
film due to lattice mismatch between the substrate and the composition. The 
effect of disorder is reduced after irradiation as indicated by the XRD pattern 
and the lower resistivity values of the irradiation films. 
4.5.3. Magnetization 
The effect of irradiation on the lattice structure and on the resistivity 
behaviour corroborate each other. As it has been shown earlier (Part I),^! in 
the LaFci.xNixOa (x = 0.3, 0.4 and 0.5) samples, the structural, electrical and 
magnetic properties correspond with each other. There we observed that as 
the resistivity decreased with increase in the Ni concentration, the 
magnetization also decreased. And we proposed that the increase in Ni 
concentration, which is equivalent to a higher hole doping, increases the 
number of itinerant d electrons participating in the hopping interaction and 
decreases the number of localized d orbital moments leading to a lower 
saturation magnetic moment. It is exciting to examine the effect of reduction 
in resistivity (due to the increase in the band width, without changing the 
carrier concentration) on the magnetization data. 
In Fig. 4.10 we show the room temperature M-H hysteresis loop. The 
first inference that we draw is that all the films show ferromagnetic 
behaviour at room temperature. However, the interesting poiat is that the 
magnetization is almost doubled after irradiation with the IXIO*^ ions/cm2 
fluence. We also observe that after the irradiation with the first dose value of 
5x10^° ions/cm2, the magnetization is reduced and at the subsequent 
irradiation dose values, the magnetization enhances. If we look at the 
c lattice parameter of the irradiated films, it is pragmatic to note that when 
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the lattice of the composition is relaxed as a consequence of irradiation, the 
magnetization is enhanced. Curiously, as the lattice is relaxed, the strain of 
the film with respect to the substrate is also increased. Dobin et al.^^ in their 
experimental and theoretical comparative studies have shown that in 
undoped LaNiOa thin film grown on SrTiOa substrate the susceptibility 
increases drastically with tensile strain until the paramagnetic state 
becomes unstable towards the formation of an itinerant ferromagnetic state 
which is energetically favourable for large strains. 
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Fig. 4.10 The Magnetic hysteresis loops (in plane) for the pristine and 190 MeV Ag 
ion irradiated LaFeo.5Nio.5O3 thin films at 300 K. 
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In another study Luning et alP in their observations on LaFeOa thin 
film grown on SrTiOa substrate have suggested that the magnetic structure 
in the near-surface layer of the epitaxial thin films is dictated by the close 
link between crystallographic strain, anti- ferromagnetic order and the 
domain structure. We feel that the enhancement in the magnetization in the 
irradiated samples of LaFeo.5Nio.5O3 the half mixture state of LaFeOa and 
LaNiOa, may be due to the enhancement in the strain induced canted 
antiferromagnetic interaction between the transition metal ions. A similar 
trend is manifested in the out of plane hysteresis loop measurement. A 
comparison of the in plane and out of plane hysteresis loop measurements 
for the pristine and irradiated films is made in Table 4.1. 
From these studies it is evident that the irradiation with swift heavy 
ions can not only make the composition more semiconducting but can also 
enhance the magnetization. In our earlier studied LaFci.xNixOa (x=0.3, 0.4 and 
0.5) series samples,^^ though the magnetization of LaFeo.7Nio.3O3 was higher, 
its resistivity was not small enough to make its application feasible. In 
contrast, LaFeo.5Nio.sO3 sample showed rather low resistivity values, but it 
suffered from relatively low magnetization value. 
Table 4.1 The c lattice parameter, room temperature resistivity values and 
saturation magnetization of the pristine and 190 MeV Ag ion irradiated 
LaFeo.5Nio.5O3 thin films. 
LaFeo.5Nio.503 
c ( A ) 
p (mD-cm) 
(300K) 
Ms (emu/cm3) 
(In plane) 
Ms {emu/cm3) 
(Out of plane) 
Pristine 
5.4883 
18.5 
0.978 
0.875 
5X10'° 
ions/cm^ 
5.4564 
9.3 
0.658 
0.444 
1x10" 
ions/cm^ 
5.4762 
7.2 
0.746 
0.539 
5X10" 
ions/cm^ 
5.4872 
5.3 
1.25 
0.718 
1X10" 
ions/cm^ 
5.5072 
5.4 
2.37 
1.6 
The present study has shown that the irradiation of LaFeo.5Nio.5O3 
sample not only enhances the magnetization value but also lowers the 
resistivity value. Also after the irradiation, the lattice of the composition 
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relaxes, but the strain with respect to the substrate enhances. These 
observations suggest that irradiation induced relaxation/strain with respect 
to the substrate lay the foundation for the enhancement in magnetization 
and reduction in resistivity. 
4.6 SUMMARY 
We have shown that 190 MeV Ag irradiation can modify the structural vis a 
vis the electrical and magnetic transport behavior of LaFeo.5Nio.5O3 thin films. 
The irradiation induced lattice relaxation renders low resistivity and higher 
magnetization value of the composition. The present studies suggest that the 
swift heavy ion irradiation can be a good tool to manipulate the structural, 
electrical and magnetic properties of this ferromagnetic semiconducting 
composition project it for a superior application. 
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5 
SHI irradiation induced modifications in the properties 
of magnetite thin fihns 
5.1 INTRODUCTION 
Magnetite (Fe304) is the oldest magnetic material known to man. It is 
abundantly found in nature (especially in rocks) and was first discovered by 
man in Greece around 2000 BC. It was found in the region called Magnesia, 
from which the names magnetite and magnetism were derived. Magnetite 
has the inverse spinel crystal structure, whose basic structure is 
describe below. 
The spinels are a group of oxides that have very similar structures. 
The spinel group contains over twenty members, but only a few are 
considered common. Named after their sole gemstone representative, spinel, 
it is an important group of minerals. It includes one of the most important 
ores of iron, magnetite; an important ore of chromium, chromite, an 
important ore of lead, minium; a once important ore of manganese, iron and 
zinc; franklinite and many other interesting members. The general formula 
of the spinel group is AB2O4. The A represents a divalent metal ion such as 
magnesium, iron, nickel, manganese and/or 2dnc. B represents trivalent 
metal ions such as aluminum, iron, chromium and/or manganese, titanium 
may also occupy this site with a +4 charge and lead at +2 can occupy this 
site. Formation of solid solution is conmion in this group of minerals, 
meaning that they may contain certain percentages of different ions in any 
particular specimen. 
Spinels have FCC oxygen sub-lattice and contain 8 molecules in unit 
cell = A8B16O32. The unit cell of so called normal spinel has therefore 32 
oxygen ions, 32 octahedral holes (half filled by B) and 64 tetrahedral holes 
(1/8 filled by A) 
Examples: MgO.Al203 = MgAl204 (normal, parent mineral) 
ZnO.Fe203 = ZnFe204 (normal) 
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FeO.AljOa = FeAl204 (normal) 
C0O.AI2O3 = C0AI2O4 (normal) 
MnO.AlaOa = MnAl204 (normal) 
NiO.AlaOa = NiAl204 (normal) 
For certain spinel structures the cations may shift between the A and 
B sites. Inverse spinel results with general formula B(AB)04: A and half of B 
in octahedral sites, half of B in tetrahedral site. This is the structure of most 
of ferrites, the key materials for ceramic magnets and magnetic storage 
media (tapes, disks etc). Examples of inverse spinels include: 
MgO-FcsOa = FeMgFe04 (inverse) 
NiO-FcaOs = FeNiFe04 (inverse) 
CoO-FeaOa = FeCoFe04 (inverse) 
FeO-FezOa = FeFeFe04= Fe304 (inverse) 
Fe304 = Fe3*(Fe2*Fe3*)04 (inverse spinel) 
The conventional unit cell of magnetite contains 32 oxygen ions 
packed in the fee lattice, 8 Fe ions placed at sites with tetrahedral oxygen 
coordination (A sites) and 16 Fe ions placed at sites with octahedral oxygen 
coordination (B sites). The structure of Fe304 is shown in Fig. 5.1-
O oxygen 
tetrahedral Fe 
A-site 
octahedral Fe 
B-slte 
Fig. 5.1 The structure of Fe304. 
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The two crystal sites are very different and result in complex forms of 
exchange interactions of the iron ions between and within the two types of 
sites. In stoichiometric magnetite the A site Fe ions are Fe^* and the B site 
ones are equally likely to be Fe^'' and Fe^*. 
Additionally, a mixed spinel structure is also possible, with wide 
variation in composition. The general formula of mixed spinel is, therefore, 
(A,.,By)(A,B2.y)04. 
Magnetite (Fe304) is one of the important half metallic ferromagnetic 
(HMFM) materials. In these materials one spin band is semiconducting with 
a gap at the Ferrrii level, whereas the other spin band behaves like a metal. 
The system is distinguished for its high degree of spin polarization and a 
high Curie temperature of 858 K.''^Fe304 shows a normal metallic behaviour 
in the minority spin, but shows a gap of -0.5 eV in the majority spin at the 
Fermi level. ^  High conductivity of magnetite in the high temperature phase is 
a natural consequence of the partially filled nature of d-band of the B-site 
(octahedral cation sites of the spinel structure of Fe304) Fe atoms. Magnetite 
undergoes a metal-insulator (MI) transition accompanied by a structural 
change from the cubic to the monoclinic phase, known as Verwey transition. 
The Verwey transition temperature (T^ ) for the stoichiometric bulk Fe304 is 
around 120 K. The Verwey transition is a consequence of the band splitting 
caused by the electronic correlations and the electron-phonon interactions. 
Many elaborate theories have been proposed to explain the electron 
transport mechanism for the low- and high temperature phases, and the 
sudden change in conductivity at the transition (for a review see reference 1 
and references therein). Some models explain the Verwey transition as an 
order-disorder transition, due either to an ordering of charges of the 
conducting electrons or to that of the electronic orbitals. In order to explain 
the much lower observed transition temperature (120 K) as compared to the 
estimate based on the thermodynamic considerations (lO'* K), Anderson 
proposed two different types of orders: a long range order (LRO) at T< Ty and 
a short range order (SRO) that persists at T>Ty. The SRO stabilizes the 
Verwey phase at a much lower temperature provided the state of minimum 
lattice energy is achieved by arranging the charges in a tetrahedron formed 
by the nearest neighbour octahedral sites arranged in a specific pattern 
(known as Anderson condition). Though extensive studies with considerable 
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effort have been made in magnetite, the unders tand ing of Verwey transit ion 
remains a challenging problem.' '^ In view of the interesting electronic, 
magnetic and t ranspor t properties as well as the potential for spin electronic 
applications, the epitaxial growth of magneti te h a s recently at t racted 
considerable attention.2'*-12 
The epitaxicd growth of magneti te h a s been s tudied on a variety of 
substrates."^'2 The most commonly used subs t ra te is MgO due to its small 
lattice mismatch with Fe304 (aFe3O4=0.8397 nm, aMgo=0.4213 nm). However, 
the Fe304/MgO hetero-epitaxy suffers from the formation of an t iphase 
boundar ies (APBs).^'^ The APBs are formed as na tu ra l growth defects 
resulting from the differences in translat ional and rotational symmetries of 
the subs t ra te and the thin film.^ The APBs are either rotated over 90° with 
respect to each other or shifted or both as shown in Fig. 5.2. 
y^K 
•'^S. 
' 1 < \ , ( - ' • • • • ) 
i^ . 
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[1101 
Fig. 5.2 Schematic representation of the formation of an Fe304 film on MgO(lOO). 
For clarity, only one monolayer, containing only octahedral Fe cations, is shown. 
The coalescence of islands 1 with 2, and 3 with 4, which are shifted with respect to 
each other, leads to new antiferromagnetic 180° Fe-O-Fe superexchange paths at 
the antiphase boundaries, as indicated with solid lines. The same paths arise after 
coalescence of islands, which are rotated over 90° with respect to each other 
(islands 1,2 with 3,4). (Reproduced from F.C. Voogt et. al, PRB 57, R8107 (1998)). 
A study of the effect of SHI irradiation on. SHI irradiation induced... 117 
The presence of APBs was found to affect the electronic band 
s t ructure and magnetic interaction in the vicinity of APBs. Due to the 
modified cationic configuration at the APB, the na tu re of magnet ic exchange 
interactions is modified.^ For majority of APB configurations these 
superexchange interactions are predominantly antiferromagnetic '° and 
responsible for the observation of unsa tu ra ted magnetic m o m e n t in the 
presence of high magnetic fields^ and super-paramagnet ic behav iour ' ' in 
ul tra-thin Fe304 films. A convenient way to visualize the APB is by 
t ransmission electron microscopy (TEM) of films tha t have been lifted off the 
MgO subs t ra te as shown in Fig. 5.3. 
IW^^^^S 
Fig. 5.3 TEM picture of an Fe304 layer. The 200 nm film was grown by oxygen-MBE 
and prepared by ion-beam milling after removal of most of the substrate by 
abrasion. The fringed dark bands are APBs with out-of-plane shift vectors. The thin 
black lines are the APBs with in-plane shift vectors. (Reproduced from T. Hibma et. 
al, J. Appl. Phys. 85, 5251 (1999)). 
We have investigated the role of APBs in controlling the properties of thin 
films by studying the properties of films of different thickness values and after 
irradiating them at different fluence values. 
The resistivity of epitaxial Fe304 films was found to be large in 
comparison with tha t of the bulk crystal and was at t r ibuted to the presence 
of APB and epitaxial stress.^ It was also found tha t the Verwey transi t ion is 
quite sensitive to the th ickness /densi ty of APBs. It was proposed tha t due to 
high density of APBs at the boundaries the nearest- and next-neares t 
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neighbour configuration is disturbed, which inhibits the long-range order 
responsible for the Verwey order.s Though the value of magnetoresistance 
(MR) observed for bulk single crystal of Fe304 is quite modest, a reasonably 
larger value of MR is usually found for epitaxial thin films, which may be 
attributed mostly to the additional spin scattering contribution arising from 
tlie presence of APBs.'^ 
For the application of magnetite films in future devices, it is 
important to understand their noise behaviour. The study of noise is an 
important and well-established tool for clarifying the charge transport 
mechanism in a variety of physics systems.'^ Only recently, a few reports on 
the low frequency noise investigations in half metallic oxide thin films and 
single crystals^**"^^ have been carried out. In general, the magnitude of noise 
in HMFM materials is quite large and the noise displays a broad spectrum 
with region of different temperature dependence. A close strong link between 
the noise magnitude and the strain, the composition, and the density of 
defects in epitaxial magnetic thin films has been stipulated.'^-^^ There are 
very few reports dealing with the noise behaviour in magnetite thin films.2°"^' 
These studies were performed on thick (Qpm) and polycrystalline films. But 
the effect of strain state and the APBs density on the noise processes could 
not be treated adequately. Therefore, it is important to understand the noise 
behaviour of the Fe304 films, which are prepared under controlled 
conditions to explore the nature of the involved conduction processes. 
The swift heavy ion (SHI) irradiation is known to generate controlled 
defects, structural disorder and modify localized stain. It depends upon the 
fluence values and the electronic energy loss in the target materials.'^'^^ To 
the best of our knowledge there exist no reports on modifications of the 
Verwey transition, magnetization and phase transition induced by the SHI 
irradiation in magnetite thin films. In this chapter, we present oui results on 
effects of SHI irradiation on Verwey transition, magnetization and phase 
modification in the epitaxial Fe304 thin films. 
It dwells on the results and interpretation of the detailed structural, 
electrical, magnetic and noise studies on well characterized epitaxial 
magnetite films of various thicknesses grown on MgO substrates using 
molecular beam epitaxy (MBE) before and after irradiation with 190MeV Ag 
ion. The observed modifications in the noise properties of the films are 
explained in terms of the strain state and APB the density. 
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5.2 EXPERIMENTAL 
The magnetite thin films used in the present study were grown on (100) 
oriented single crystal MgO substrates (cut along <100> direction within 
±0.5°) using oxygen plasma assisted molecular beam epitaxy, system (DCA 
MBE M600) with a base pressure 5xl0-i° torr. Fihns of 15, 40 and 70 nm 
thickness were grown under identical conditions. Growth of the Fe304 films 
was carried out from a pure metallic Fe source using electron beam 
evaporation and the free radicals of oxygen generated by the electron 
cyclotron resonance (ECR) plasma source. Details of the growth process are 
described elsewhere.'^ Reflection high energy electron diffraction, RHEED, 
(STAIB Instruments) was used to monitor the growth mode and the growth 
rate was around 0.3 A/s. Fig. 5.4(a) shows the RHEED pattern of the MgO 
(100) single crystalline substrate along the <100> azimuth prior to the 
growth of Fe304 films. It shows well-separated vertical lattice rods, which 
indicate to a well-ordered and flat surface. After the growth of two 
monolayers of iron oxide, half order lattice rods appear in the RHEED 
pattern located in the middle of the lattice rods corresponding to MgO, 
confirming the formation of Fe304. Fig. 5.4(b) shows the RHEED pattern of 
70 nm thick Fe304 thin films measured along <100> azimuth. From the 
RHEED images, it is confirmed that no other iron-oxide phases (Fe O and 
y-Fe203) are formed during the growth and Fe304 grows pseudomorphically 
on MgO. The lattice constant of magnetite as determined from RHEED 
images is 8.4 ±0.05 A. The appearance of half order streaks is accompanied 
by the oscillations in the intensity of specularly reflected beam. The period of 
oscillation corresponds to the growth rate and confirms that the film growth 
occurs in a layer-by -layer mode. 
To determine the exact film thickness and interface roughness, x-ray 
reflectivity (XRR) measurements were performed ex-situ using a multi-
crystal high-resolution diffractometer (Bede-Dl, Bede, UK) in grazing 
incidence configuration. The monochromatic Cuit^j( 1.54056 A) radiation with 
20" beam divergence was obtained using four Si channel cut crystals. 
Further, 0.1 vaxa. slit was used at the detector stage to improve the 
instrument resolution. The high resolution x-ray diffraction (HRXRD) in 
double axis configuration was used to confirm the epitaxial relationship of 
Fe304/MgO hetero-epitajQT of in-plane (an) and out-of-plane (aj lattice 
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parameters from the co-26 rocking curves measured around the symmetric 
(400) and asymmetric (622) diffraction planes common to the substrate and 
thin film. 
Magnetization measurements were performed using an alternating 
gradient force magnetometer (Micromag-3900, Princeton Measurements, 
USA) with a sensitivity of 10'^ emu. The M-H loops were measured at room 
temperature by applying the magnetic field (maximum field of 1 tesla) in the 
film plane along <100> direction. The diamagnetic contribution from the 
MgO substrate was subtracted from the measured data by performing M-H 
loop of the MgO substrate of similar dimension as that of thin film sample in 
the same field range. The uncertainty in measuring the absolute value of 
magnetisation for the films was about 1%. 
Fig. 5.4 RHEED pictures (a) MgO substrate and (b) 70nm Fe304 film measured in 
the <100> azimuth. 
Magnetic force microscopy (MFM) measurements were performed on 
the Fe304 thin films using a Digital Instrument Nanoscope III equipped with 
Co-Cr coated Si tip. The microscope tip was scanned in both the tapping 
mode for the surface morphology and the lift off mode for the magnetic 
domain boundary detection. In the lift off mode the tip was scanned at a 
height of 50 nm above the surface. Further, to check the phase formation of 
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Fe304 and ensure that there is no trace of any other phase at microscopic 
level, Raman spectroscopy was performed in the backscattering 
configuration using Jobin Yvon Lab Raman spectrometer. The Ar* ion laser 
(514.5 nm) was used for the Raman measurements. 
The resistivity and i / / no i s e studies were performed using standard 
four-probe detection technique. To measure the spectral density of voltage 
noise, S^, a film of 3X10 mm^ size was used. The sample was fed biased with 
a battery generated direct current and the voltage developed across the 
sample was coupled to a low noise preamplifier (SR-552, Stanford). The 
amplified signal was then fed to a fast Fourier transform based spectrum 
analyser (HP365565A, Hewlett Packard), which measures the spectral 
density of voltage noise and its frequency spectrum. The excess noise arising 
due to conductance fluctuations is extracted from the observed noise 
spectrum by subtracting the background noise, which is the sum of the 
preamplifier and thermal noise (4kBTR). Further, to make sure that the 
contacts do not contribute to the noise, we checked the linearity of the 
current-voltage characteristics at several temperatures during the noise 
measurements. The I-V characteristics were found to be linear for the 
strength of currents used in the measurements. For the temperature 
dependence study of noise a specially designed cryostat was used, the 
details of which are given elsewhere.2° 
The samples were irradiated at room temperature with 190 MeV Ag 
ions using the 15UD tandem accelerator at Inter-University Accelerator 
Centre (lUAC), New Delhi with a range of fluence values (5xl0'°-
IXIO'^ ions/cm^). The irradiation was performed under high vacuum 
condition (base pressure < 2X10"* torr). In order to avoid the effect of sample 
quality variation, we cut two well-characterized 70 nm thin films of size 
10 mm X 10 mm into four pieces each of 5 mm X 5 mm size. The incidence 
ion beam was kept slightly away from the surface normal of the sample to 
avoid channeling effects. The ion beam was focused to a spot of 1 mm 
diameter and scanned over a 10 X 10 mm^ area using a magnetic scanner to 
irradiate the sample uniformly. 
To understand the SHI irradiation induced structural modifications 
and phase transitions, the high-resolution x-ray diffraction (HRXRD), 
electrical resistivity, magnetization, AFM and MFM measurements were 
performed on SHI irradiated films. 
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PART I : UNIRRADIATED SAMPLES 
In this part we have investigated the role of APBs on structure, electrical, 
1/f noise and magnetic properties of thin films by varying the thickness of 
the films. 
5.3 RESULTS AND DISCUSSION 
5.3.1 X-ray Diffraction 
Prior to discussing the results of measurement on Fe304 films of var5dng 
thickness, we would like to point out that the samples used in the present 
study were prepared in such a way, so as to obtain a significant variation in 
the APB density with the film thickness. This was due to the reason that the 
films grown under optimised conditions using the MBE growth process show 
relatively much smaller APB density. The samples were thoroughly 
characterized using HRXRD and Raman spectroscopy techniques. Fig. 5.5 
shows the o-29 rocking curves of the 15, 40 and 70 nm thick Fe304 films 
measured around the (200) Bragg planes of MgO that are common to (400) 
planes of Fe304. The curves are shifted along the vertical axis for clarity. 
From the separation between the substrate and thin film Bragg peaks 
obtained from the (400) symmetric diffraction scans, the out-of plane lattice 
parameter comes out to be 0.83685±0.00005 nm. From the asymmetric 
(622) Bragg reflection performed in grazing exit and grazing incidence 
geometry, the in-plane lattice constant of the fihn was found to be 
(0.84266±0.00005 nm), twice that of the substrate. This indicates that the 
films are pseudomorphic and are under the in-plane tensile strain. Further, 
the unit cell volume of the films calculated from a| \ and ax obtained from the 
HRXRD measurements was found to be same as that of the bulk magnetite, 
suggesting that the films are stoichiometric. From in-situ RHEED and ex-
situ HRXRD investigations we infer that the films are fully strained and 
retain one-to-one registry with the substrate. Raman spectroscopy was used 
as an additional tool to ascertain the magnetite phase. Raman bands 
corresponding to the Fe304 phase (192, 308, 533 and 665 cm"i) were 
observed and no signature of any other phase was found. No appreciable 
change in the Raman line shape of the Ajg (665 cm') and T2g^  (533 cm" )^ 
modes was observed with change in the thickness. 
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Fig 5.5 HRXRD pattern of rocking curves (o-28 for 15 nm, 40 nm and 70 nm thick 
Fe304 thin films. The curves are shifted on vertical axis for clarity. 
5.3.2 Electrical Resistivity 
Further, in order to understand the electronic transport behaviour of these 
thin films, we measured their resistance and noise as a function of 
temperature in the range 77-300 K. The temperature dependence of 
resistivity for the 15, 40 and 70 nm Fe304 films is shown in Fig. 5.6. The 70 
and 40 nm films showed a Verwey transition (Ty) at 104 K and 95 K 
respectively whereas the 15 nm film did not show Verwey transition. All the 
films show an activated behaviour with an activation energy of ~ 40 meV for 
temperatures >130 K. The magnitude of resistivity for the magnetite thin 
films was fovmd to be larger than the bulk resistivity (~1 mQ-cm). The 
enhancement in resistivity of magnetite thin films most likely indicates to 
the presence of epitsixial stress and APBs.^ Also noteworthy is the absence of 
Verwey transition for the 15 nm film. 
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Fig. 5.6 Resistivity as a function of temperature for 15 nm, 40 nm, 70 nm Fe304 
thin films. 
The higher density of APBs for the thinner films perturbs the nearest-
and next nearest neighbour Coulomb interactions and inhibits the long-
range Verwey ordering. Similar observations on the resistivity behaviour of 
magnetite thin films containing varying density of APBs was reported by 
Eerenstein et al.s They analysed their results within an effective medium 
approximation by modelling the effective conductivity as a function of bulk 
and boundary conductivities and obtained similar results. 
5.3.3 Magnetization 
To estimate the APE density we performed magnetization measurements on 
these samples. Fig. 5.7 shows the magnetization loop for the 15, 40 and 
70 nm Fe304 films measured at room temperature with the magnetic field 
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applied in the film plane along the <010> direction. It is clearly evident from 
Fig. 5.7 that the magnetization does not saturate with the maximum field of 
1 tesla, available with the instrument. The magnetization values achieved at 
1 tesla field were found to be lower than that for the bulk magnetite 
(480 emu/cm^). These observations are in agreement with the results 
reported by others.''^'*^^ At high fields a finite slope is present in the 
magnetization versus applied magnetic field (M-H) curves for all the films. 
The slope was found to decrease with increasing film thickness. We attribute 
the finite slope to the frustrated exchange induced by the presence of APBs. 
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Fig. 5.7 Isothermal dc magnetization hysteresis curves for 15 nm, 40 nm and 
70 nm Fe304 thin films at room temperature. 
The presence of APBs in Fe304/MgO hetero-epitaxy has been revealed 
by the scanning tunnelling microscopy, transmission electron microscopy 
and magnetic force microscopy studies.^•^'^'^^ The regions around an APB 
could be stoichiometric or non-stoichiometric. At the APB, the cation 
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configuration is modified which affects the cation-anion-cation bond angle 
and hence the exchange interactions. It has been shown that for the 
majority of possible APB configurations, the exchange is predominantly 
antiferromagnetic in nature, lo With the application of magnetic field, the 
magnetic moments inside the structurally shifted domains where the 
ferromagnetic interaction prevails, start aligning along the field direction and 
reach the technical saturation above the magnetociystalline anisotropy field 
(-0.03 tesla). However, the attained magnetization values are smaller than 
the saturation magnetization values for bulk magnetite (480 emu/cm^) due 
to the presence of frustrated exchange interaction across the APBs. 
To overcome this frustration, more and more energy is required. This 
manifests as a finite slope in the magnetization curves at high fields. The 
increased slope with the decreasing film thickness suggests that the volume 
fraction of areas with frustrated exchange is enhanced. This implies that the 
density of APBs for thinner films is greater. Magnetization results are 
corroborated by the results obtained from the magnetic force microscopy 
(MFM) studies in these films. The average domain size for the 70 nm thick 
film was found to be about twice as large as the domain size for 40 nm films. 
These are 300 nm and 150 nm for 70 and 40 nm films respectively. 
Although, the bulk of each domain may still have APBs, the increase in the 
density of domain walls in thinner films is consistent with the increase in 
density of areas with frustrated exchange. 
5.3.4 t/f Noise 
Spectral density of voltage noise, Sv(f), on these well characterized epitaxial 
magnetite thin films having a varying density of APBs was studied as a 
function of frequency (0.1-25 Hz) and temperature (77-300 K). Fig. 5.8 
shows the noise spectra for the 70 nm Fe304 film measured at 295 K, 
150 K and 90 K with a bias current of 10 \xA. These noise spectra are 
representative of the noise spectrum of the film above and below the Verwey 
transition. From Fig. 5.8 it is evident that the Sv(f) has i / / ° dependence 
with a value close to 1. The magnitude of noise at 85 K was found to be four 
orders of magnitude larger than that found at room temperature. In order to 
check if the noise arises due to the resistance fluctuation, the noise spectra 
were measured for different bias current values at several temperatures. The 
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noise showed a quadratic dependence on bias current, which confirms that 
the noise arises from the conductance fluctuations. 
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Fig. 5.8 Spectral density of voltage noise, S^ ., as a function of frequency measured at 
90, 150 and 290 K for the 70nm Fe304 thin films. The frequency exponent for each 
spectra are marked. 
Figure 5.9 shows the spectral density of noise [Sv(10 Hz)] as a 
function of temperature for 15, 40 and 70 nm films. The Sy-T behaviour 
follows the similar trend as the temperature dependence of resistivity. At 
room temperature the magnitude of noise for 15 imi film is about one and 
two orders of magnitudes higher than that of 40 nm and 70 rmi films 
respectively. The magnitude of noise for all the films is found to increase 
gradually with the decrease in temperature in the temperature range 
300-150 K. On further cooling below this temperature range, the magnitude 
of noise was found to increase rapidly and shows a sharp increase in the 
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vicinity of Tv (two orders of magnitude) for the 70 nm film. For the 15 and 40 
nm films the noise magnitude shows an appreciable increase but over a 
wider temperature range. 
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Fig. 5.9 Temperature dependence of Sv(lOHz) for 15, 40 and 70 nm Fe304 films 
measured with bias current of 10 luA. 
Figure 5.10 shows the normalized noise power Sy/V^ as a function of 
temperature for the 15, 40 and 70 nm thick films. The temperature 
dependence of Sv/V^ for all the films is found to be similar. The magnitude of 
Sv/V^ is higher for the thinner films in the whole temperature range. One 
common feature observed for all the three curves is the presence of a hump 
around 100 K. In order to compare the noise results with those of others, 
we estimated the Hooge parameter (y) values^^ using the following relation, 
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Sv= Y V V N J " 
where V is the voltage across the samples, N^ is the number of carriers and 
a is a dimensionless parameter close to unity. 
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Fig. 5.10 Temperature dependence of the normalized noise, Sv(10Hz)/V^ for 15, 40 
and 70 nm Fe304 films. 
Figure 5.11 shows the variation of Hooge parameter y as a function of 
film thickness at 90 K and 295 K (below and above the Verwey transition). 
The values of Hooge parameter obtained for our films are several orders of 
magnitude larger than those for of metals or semiconductors. These values 
are reasonably comparable with the values obtained for other half metallic 
oxides. ^ "^ "^ ^ The values are about 2 orders of magnitude larger than those 
reported for the 2 \xta thick Fe304 film on MgO.^* The higher noise parameter 
y in our films is consistent with our model: the structural disorder and 
strain fields associated with APBs influence the defect motion and the 
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fluctuation amplitude. The thicker films have a lower APB density and are 
thus expected to have lower noise values. Furthermore, the difference in the 
values observed by us and those reported by Raquet et al. '^ could originate 
from the different strain status of the films used in these two studies. 
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Fig. 5.11 Variation of Hooge parameter (y) as a function of film thickness at 290 and 
90 K. 
The strain state of the film studied by Raquet et al.'^ is not known. 
However, from our detailed study of strain relaxation and critical thickness 
in magnetite28 we expect that a 2 |im thick Fe304 film will have substantial 
amount of strain relaxation. The films presented in this study are fully 
strained, as confirmed by the in-situ RHEED and ex-situ HRXRD. The data 
shown in Fig. 5.11 also corroborate our model: APBs influence the 
magnitude of conduction noise. The density of the APBs increases with 
decreasing film thickness leading to an increase in noise parameter y. At 
higher temperature (295 K) this effect is not so evident as at 90 K because 
there is an additional phonon contribution to the scattering. 
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Our noise data on epitaxial Fe304 films suggest that the presence of 
APBs and the associated strain distribution have a strong influence on the 
processes governing the low frequency charge dynamics. Our results can be 
explained once one acknowledges the two additional contributions to the 
noise power. Firstly, it is the presence of APBs as they induce additional 
structural disorder and alter the strain field distribution in the vicinity of 
APBs. Secondly, the presence of a metal-insulator transition (Verwey 
transition) that affects the noise power because it alters the scattering 
mechanism and the density of the current carriers.^" It has been shown 
earlier that the strain state of the magnetic thin film affects the fluctuation 
amplitude as it influences the defect motion.29 It is qualitatively clear why 
antiphase boundaries should affect the noise power. The crystal lattice at 
APBs forms a two-dimensional defect. This alters the local band structure in 
the vicinity of the APB and also the hopping integral ^ that govern the 
electronic transport between the Fe^* and Fe^ "^  octahedral sites, the key to 
the conductivity in magnetite. The APBs introduce local structural disorder 
and possess anisotropic elastic properties. The elasticity tensor for APB 
contains greater number of components than that for the remainder of the 
film. In an earlier study,2^ it has been shown that the APBs compensate for 
the excessive tensile strain in the film. The adopted model suggested that 
within the APBs there exists a tensile strain while there is a compressive 
strain at the domain boundaries, cancelling out the excess contribution to 
the free energy of the film and enabling the films to maintain the fully 
strained state much above the critical thickness predicted by another model 
based on the strain mismatch.^" The inhomogeneous strain fields associated 
with the APBs are expected to influence the noise magnitude. It is known 
that the defects with anisotropic strain tensor introduce anisotropy in the 
resistivity tensor and influence the conductance fluctuations, provided they 
are capable of being excited thermally.^^-s 1-32 Although the anisotropic strain 
distribution is strongly attached to the APBs whose motion is difficult to 
excite with the thermal energies available, the strain distribution associated 
with them couples with other defects (point defects, ojq^gen vacancies) 
intrinsic to the oxide films and influences their scattering efficiency. This 
coupling of strain field with other defects will in turn depend on the nature 
and density of APBs and the defects involved. Indeed, this is reflected in the 
thickness dependence of noise. Our interpretation is further supported by 
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the observed variation in Ty with the film thickness. Moreover, studies of the 
effect of structural disorder, oxy^&n. deficiency and local strain for magnetic 
oxides show that the magnitude of noise increases strongly as a function of 
disorder.'' '2' 
The 1/f noise is present in the whole temperature range and the 
most notable features in our case are the rapid increase in noise at low 
temperatures as the transition is approached from above and the presence 
of a hump structure in the normalized noise for all the films An abrupt 
increase in the noise magnitude by 1-2 orders across the M-I amid magnetic 
transitions has been observed for many macroscopically homogeneous 
magnetic material systems. ^ '^ '^ -^^ ^ An increased noise for insulators on 
cooling is the indication of reduction in the carrier density. In that case one 
would expect a close correlation between Sv(f) and the resistivity. We notice 
that this correlation is lost in the thinner films (15 and 40 nm) as the noise 
increases much faster than resistivity, even at temperatures higher than 
where the rate of change of resistance with temperature (dR/dT) is found to 
be maximum. The decoupling of noise and the presence of broad hump at 
low temperatures point to the growth of strong electronic correlations in the 
charge disordered liquid as the carriers get frozen into the charge ordering 
(CO) state. This can be understood within the fi-amework of percolation 
theory. ^ ^ Above Ty, it is reasonable to consider the Fe304 films consisting of 
APBs as an ensemble of metallic and insulating phases: the domains being 
the regions of higher conductivity than the boundaries. At the APBs, the 
localization of charges is expected to occur at a temperature higher than the 
Tv due to associated structural disorder which would depend on the APB 
size. For the thinner films the percolation threshold occurs at a temperature 
higher than that for the thicker films. As the percolation threshold is 
reached the magnitude of noise starts to increase rapidly. It is found that 
the onset of this rapid increase occurs at a higher temperature for the 
thinner films. On further lowering of temperature, the Veiwey transition 
takes place within the domains. Within the domain, the charges are 
arranged in a specific pattern. The details of charge ordered pattern in Fe304 
(100) can be found elsewhere.^^"^'* In addition to MI transition, there is an 
associated structural phase transition within the domains firom the cubic to 
the monocUnic phase at the Verwey transition. This alters the strain 
distribution in the vicinity of APBs and also the pattern of localized charges 
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at the APBs. The patterns of localized charges at the boundary and within 
the domain are expected to be quite different. This implies that one can 
consider the films at lower temperatures as an ensemble of the random 
mixture of two mesoscopic phases: the first one is the charge ordered 
insulator (COI) phase within the domain and the other is the charge 
disordered insulating (GDI) phase at the domain boundary. In the above 
picture, we propose the following scenario in context of the observed 
temperature dependence of noise for the Fe304 films, although we do not 
have direct evidence to support this hypothesis. 
The charge localization at specific lattice sites can lead to a local 
Coulomb potential that can relax over long time scales. This can lead to a 
low-frequency charge dynamics that can enhance the low frequency noise. 
With decreasing temperature, more and more charges are localized within 
the domains. This will increase the relaxation time of charge fluctuation and 
further enhance the noise magnitude. Below the charge ordering transition 
the frozen in defects will provide additional paths for relaxation. Further, we 
attribute the observed broad hump for all the films at low temperature to 
manifestation of the critical like fluctuations associated with the order-
disorder transition that vidU become slow and long ranging near the 
transition.20 Such fluctuations might increase below the bulk transition 
temperature even in the absence of a true transition. In the light of these 
suggestions we interpret the observed hump around 100 K as an indication 
of the long-range correlations associated with the Verwey transition, though 
these correlations were not detected in the resistivity measurement for the 
15 nmfilm. 
5.3.5 Magnetic Force Microscopy 
In order to get a fair idea about the size of APE we have performed magnetic 
force microscopy (MFM) on these films. Fig. 5.12 shows the 5x5 \xra? images 
for the 40 and 70 nm films. The average domain size estimated for the films 
are found to be 50 and 100 nm respectively. 
The increase in domain size is consistent with the magnetization 
measurement, which shows that the volume fi-action of the films consisting 
of frustrated spin configuration decreases with the increase in film 
thickness. Our results are in agreement with the results obtained by others 
using MFM and TEM technique. 
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Fig. 5.12 Magnetic force microscopy (MFM) images for 40nm and 70 nm Fe304 thin 
films. The scan size is 5x5 nm^ and the grey scale corresponds to 2° and 1.3° for the 
70 and 40 nm films respectively. 
5.4 SUMMARY ^ 
We have demons t ra ted tha t the presence of APBs in Fe304/MgO hetero-
epitaxy strongly influences the charge t ranspor t propert ies. The resistivity 
s tudies show tha t 70 and 40 n m films undergo the Verwey t ransi t ion at 
104 K and 95 K respectively, whereas it is absen t in the 15 n m films. The 
noise was found to scale inversely with the frequency i.e., 1/f" with a close 
to uni ty. The influence of APB related s t ruc tura l disorder on the low 
frequency charge dynamics is reflected in the tempera ture and th ickness 
dependence of noise. The normalized noise, Sv/V^, shows a h u m p at low 
t empera tu re for all the films. We interpret this as an indication of the long-
range electronic correlations associated with the Verwey transi t ion, though 
these correlations are not evident in the resistivity behaviour. 
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PART I I : IRRADIATED SAMPLES 
In this part we have investigated the role of APBs on structure, electrical and 
magnetic properties of SHI irradiated thin films (70nm thickness) at different 
fluence values. 
5.5 RESULTS AND DISCUSSION 
5.5.1 X-ray Diffraction 
In the present case, we have used 190 MeV Ag^ *^ ions on Fe304 thin films. 
The electronic energy loss (Se), the nuclear energy loss (S„) and the range of 
ion (Rp), calculated by using standard SRIM simulation program^^ are 
25.79 keV/nm, 69.24 eV/nm and 12.3 urn respectively. The calculated 
values show that the Sn is about three orders of magnitude less than S^ and 
the range is much larger than the film thickness (70nm). To create columnar 
defects in materials certain threshold value of Se is required^^ which is its 
value is about 36 keV/nm for bulk Fe304. In the present case, the Se value is 
less than the threshold value required to produce columnar defects and we 
expect that only point defects or clusters of point defects will be produced in 
Fe304 thin films. It is important to understand here that the way, in which 
the huge energy (Se = 25.79 keV/nm) is fed into the system, will modify the 
materials. In general, there are two mechanisms by which the energy can be 
transferred, the thermal spike^^ and the coulomb explosion.^* 
In the case of the first mechanism, the ion beam will excite the 
electronic system at the local site and the electrons will transfer their energy 
to phonons via electron-phonon coupling, resulting in an increase of the 
local temperature. In this way local defects are created or if the system 
already contains such defects, they can be annealed. In the second 
mechanism, during passage through the material ions can create ionization 
zone along their path. The ionized zone with positive charges may explode 
under electrostatic force and create the distortion in the material or 
alternatively it may induce some type of strain in the material. Here again 
we can say that such additional strain caused by the ionized zone is 
superimposed on the strain present in the film before the irradiation and 
therefore the overall strain in the material can be reduced or increased. In 
this way, we conjecture that the SHI irradiation can generate strain, release 
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strain, anneal or create the defects depending upon the initial state of the 
material. Recently, the strain status has been studied in the epitaxial Fe304 
films grown on (100) MgO substrate.^^ It is established that the films retain 
the fully strained status at the thickness much in excess of the critical 
thickness values. Therefore, the present study exploits the avenue of 
changing the local strain in the Fe304 film by SHI irradiation. 
0.0 0.1 0.2 
CO (degrees) 
Fig. 5.13 (a) The o)-29 rocking curves for pristine and 190 MeV Ag'^ * ion irradiated 
70 nm thick Fe304 films with low fluences (5xl0'°, 1x10" and 5x10'' ions/cm^) 
measured for (400) Bragg plsines of Fe304, common to (200) planes of MgO. The 
curves are shifted along the verticsd axis for clarity. 
To understand the structural modifications induced by SHI 
irradiations, we have performed high-resolution x-ray diffraction 
measurements. Fig. 5.13(a) and 5.13(b) show the HRXRD results for (400) 
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Brag plane of Fe304, common to (200) of MgO for pristine and 190 MeV Ag*'^  
ion irradiated films with fluence values in the range from 5x10'° to IxlO'^ 
ions/cm^. It is clearly evident in Fig. 5.13(a) that the there is no appreciable 
change in separation between the substrate (200) peak and the (400) peak of 
Fe304 thin films up to the fluence value 5 X 10'^ ions/cm^. However, as the 
ion fluence is further increased to IXIO'^ ions/cm^, the HRXRD spectra are 
greatly modified showing the splitting of the (400) peak into three peaks. 
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Fig. 5.13(b) The ©-29 rocking curves for 190 MeV Ag*^ * ion irradiated 70 nm-thick 
Fe304 films with higher fluences (1x10'^, 5x10'^ and 1X10" ions/cm^) measured for 
(400) Bragg planes of Fe304, common to (200) planes of MgO. The curves are shifted 
along the vertical axis for clarity. 
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It is an evidence for the structural disorder and onset of the phase 
transition (see Fig. 5.13(b)). At higher fluence values such as 
IXIO*^ ions/cm* the (400) peak disappears attributed to the transformation 
of the magnetite (Fe304) phase to the more oxidized magnetite phase i.e. the 
maghemite (FejOa) phase (see Fig. 5.13(b)). Figs 5.14(a) and 5.14(b) show the 
rocking curves at (622) plane for pristine and irradiated thin films. Here 
again similar results were obtained. At low fluence in the range from 5x10^° 
to 5x10" ions/cm^ the (622) peak is shows slight deformation/shift 
suggesting that the strain is partially relaxed and the Fe304 phase is 
retained. 
(311), 
r V 
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1X10'Mons/cm^ 
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Fig. 5.14(a) The <»-29 rocking curves for pristine and 190 MeV Ag*^ * ion irradiated 
70 nm-thick Fe304 films with low fluences (5XlO'°, 1x10" and 5x10" ions/cm^) 
measured for (622) Bragg planes of Fe304. The curves are shifted along the vertical 
axis for clarity. 
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In the fluence range from 1x10^^ to 5X10'^ ions/cm^ there is an 
appreciable shift in (622) peak indicating the increased relaxation of strain 
and transformation towards the maghemite phase. Finally, with increasing 
fluence (at 1x10'^ ions/cm^) the (622) peak disappeared which indicates the 
presence of disorder and the complete loss of epitaxial relationship between 
the substrate and thin film. Using the HRXRD data we have calculated the 
out-of-plane and in-plane lattice parameters. A detailed analysis of the 
HRXRD data has been performed. 
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(b) 5 X 1 0 " ions/cm^ 
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Fig. 5.14(b) The ©-29 rocking curves for pristine and 190 MeV Ag'^ * ion irradiated 
70 nm-thick Fe304 films with higher fluences (IXlO* ,^ 5x10^^ ^nd IXlO^^ ions/cm^) 
measured for (622) Bragg planes of Fe304. The curves are shifted along the vertical 
axis for clarity. 
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Table 5.1: Summary of HRXRD results showing the difference between substrate 
peak and (200) peak A(o(200), out of plane lattice parameter a ,^ in plane lattice 
parameter a^  with remarks. 
Samples 
Pristine 
5xlOi°ions/cm2 
iXlO^i ions/cm^ 
5X1011 ions/cm2 
1X1012 ious/cm2 
5X1012 ions/cm2 
1X1013 ions/cm^ 
A(D(200) 
0.1652 
0.1673 
0.1645 
0.680 
0.1542 
0.10 
0.2388 
0.1105 
0.1816 
0.2421 
0.3300 
0.3475 
ai(A) 
8.3646 
8.3638 
8.3648 
8.3636 
8.3670 
8.3925 
8.3376 
8.3847 
8.3586 
8.3364 
8.3042 
8.2981 
ail (A) 
8.426 
8.426 
Remarks 
Fully strained 
FuUy strained 
Partially relaxed 
Partially relaxed 
Relaxed + mixed phase 
Relaxed +rruxed phase 
Disordered megheimite 
phase 
Table 5.1 shows the value of lattice parameters for the films irradiated 
with different fluence values, indicating that at low fluence the films are 
partially relaxed, whereas at higher fluence values the mixed phase and 
finally the disordered maghemite phase appear. At this point we would like 
to emphasize that the observed modifications in Fe304 films grown on MgO 
substrate are due to the two effects such as (i) SHI induced modifications in 
Fe304 films and (ii) the modification at the films and substrate interface. 
However, it is hard to separate the contribution of these two effects. We have 
presented here the overall effect of SHI irradiation on structural magnetic 
and electrical transport properties of Fe304 thin films. 
5.5.2 Electrical Resistivity 
Figures 5.15(a) and 5.15(b) show the resistivity as a function of temperature 
and inverse of temperature for pristine and 190 MeV Agi^* ion irradiated 
Fe304 thin films respectively. It is clear from Fig. 5.15 that the Verwey 
transition temperature Tv of these films increases with the ion fluence values 
from 109 K (for pristine) to 117 K for the film irradiated with 
5x1011 ions/cm^. Our explanation to this observation is that the SHI 
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irradiation changes the stinicture of the antiphase boundaries, possibly even 
anneals out some of the boundaries. However, at higher fluences the films 
do not show the Verwey transition down to 77 K and the resistivity value is 
higher than that of the pristine film, demonstrating again tiiat the SHI 
irradiation induced structural disorder in the film (in agreement with XRD 
results). It is also evident from the resistivity results that at higher fluences, 
where the structural transformation takes place, the resistivity attains a 
higher value. The structural transformation may bring about the change in 
structure at APBs or transformation to meghemite phase. Although the 
meghemite phase is insulating in nature, these films show semiconducting 
behaviour with finite carrier concentration, which may be due to the onset of 
the disordered maghemite phase or to the incomplete phase transformation. 
10 r\ —o— Pristine 
- • - 1X10" ions/ar? 
5X10" lonslan 
- * - 5 X 1 0 " ions/cm' 
- 4 - 1 X 1 0 " ions/cm^ 
100 150 200 
T(K) 
250 300 
Fig. 5.15(a) Resistivity as a function of temperature for pristine Etnd 190 MeV Ag'^ * 
ion irradiated 70 nm thick Fe304 films with fluences 1x10", 5x10", SxlO'^ ^nd 
1X10^ 3 ions/cm2. 
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The Vervfcy transition is an important feature of Fe304 system and it 
represents the setting of long range ordering of Fe^* and Fe^* ions at 
octahedral sites. This ordering depends on various parameters, such as 
onsite and interionic Coulomb potential and the bandwidth. Both of these 
parameters are very sensitive to the strain, the APB density and the cation 
distribution or substitution in Fe304 thin films. As discussed in the light of 
mean-field approach presented by Brabers et al^''*° and Coey et al.,'*^ if the 
bandwidth is increased and the Coulomb potential is kept constant, the Ty 
will decrease. 
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Fig. 5.15(b) Resistivity as a function of inverse of temperature for pristine and 190 
MeV Agis* ion irradiated 70 nm thick Fe304 films with fluences 1x10", 5x10", 
5X 10^ 2 and Ixl0"ions/cm2. 
At a critical value of the ratio R^=U/W » 2.2 (where U is interionic 
Coulomb potential and W the band width), the Verwey transition should 
disappear. This model has been proved and is found fully in agreement with 
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various experimental investigations concerning the impurity substitution .''^  
the pressure eflfecf*^  on Verwey transition, the deviation from the ideal 
stoichiometry^ and the Verwey transition in low dimensional systems.''^ All 
these studies confirm the variation of bandwidth and interionic Coulomb 
interaction and its effect on Verwey transition temperature. The results 
shown in Figs. 5.15(a) and 5.15(b) establish that SHI irradiation is a good 
tool to tune Ty to an optimum value. Finally, one can say that the SHI 
irradiation is an efficient tool to tune the bandwidth (in relation to the 
strain, the APB density, and the structural phase transition) in Fe304 
system, depending on the monitoring of ion energy and fluence values. 
5.5.3 Magnetization 
Further, in order to substantiate and validate our conclusions, the 
magnetization measurements on pristine and irradiated films were 
performed. 
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Fig. 5.16 Isothermal do magnetization hysteresis curve for pristine eind 190 MeV 
Ag'5+ iop irradiated 70 nm thick Fe304 films with fluences (5x10", IXlO^^ sxio '^ 
and IX10" ions/cm2) at 300 K. 
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Figure 5.16 shows the isothermal dc magnetization hysteresis at 
300K for pristine Fe304 and 190 MeV Ag^ *^ ion irradiated films. The 
magnetization for the optimized fluence value (5x10" ions/cm^) is found to 
be higher than that of the pristine film. At fluence in excess of 5x10^^ 
ions/cm^ the magnetization decreases rapidly which is consistent with the 
formation of iron oxide phases other than magnetite. The films exposed to 
highest fluence (1x10^^ ions/cm^) show the lowest saturation magnetization 
(151 emu/cm^), which is even lower than that of y-Fe203 phase (Ms= 360 
emu/cm^). The magnetization results support the HRXRD and resistivity 
results. The isothermal magnetization hysteresis are intrinsically buUc 
measurements and the model proposed in this chapter addresses the 
irradiation induced structural transformation and modification of the strain 
state, which consequently affects the cationic arrangements at APBs. To 
confirm this we have performed the magnetic force microscopy 
measurements and investigate the affect of these microscale transformations 
on magnetic domains. 
5.5.4 Atomic and Magnetic Force Microscopy 
Figure 5.17 shows the results of the magnetic force microscopy (MFM) along 
with the surface morphology measured by atomic force microscopy (AFM) of 
pristine and irradiated Fe304 thin films. It is clearly evident that films 
exposed to 5x10" ions/cm^ fluence show maximum contrast which is 
consistent with the magnetization data. With further irradiation the contrast 
is reduced. 
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Fig. 5.17 AFM along with MFM pictures for (a) pristine and 190 MeV Ag^ *^ ion 
irradiated 70 nm thick Fe304 films with fluences (b) 5x10^^ ions/cm^, (c) 5x10^^ 
ions/cm^ and (d) 1x10''' ions/cm^ at room temperature. 
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Recently, Zhou et al.'**-'*^  have attempted to modify the APBs in Fe304 
thin films using thermo-chemical treatment i.e., annealing the films at 
250 °C in air for different time durations and have observed increase in 
saturation magnetization. But at the same time they observed that the 
Verwey transition became weaker. In contrast to their results, we find that 
the Verwey transition temperature and magnetization both increase with 
SHI irradiation up to an optimum value of ion fluence, which clearly 
indicates that SHI irradiation has modified the APB structure and possibly 
annealed out some of the APBs. 
5.6 SUMMARY 
From our present studies, we infer that at low fluence the swift heavy ion 
irradiation modifies the strain state of the films and cation distribution in 
the vicinity of APBs, whereas at higher fluence it introduces structural 
disorder and transforms the phase from magnetite to maghemite. The 
results indicate strong dependence of the Verwey transition on the onsite 
Coulomb potential, interionic Coulomb potential and the bandwidth. All 
these parameters depend on the valence state of Fe at APB, the nature of 
strain in the system and the local stoichiometry. It is further established 
that by selecting appropriate irradiation parameters, i.e. by keeping the 
electronic energy loss below the threshold value of columnar defect 
formation, one can tune the material properties to get an optimum Verwey 
transition temperature and the maximum magnetization in this system. 
Finally, we have demonstrated that the phase transformation can be set in 
just by varying the ion fluence. 
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6 
Summary 
During the last few years there has been an extensive study in the direction 
of search for the materials possessing ferromagnetic as well as the 
semiconducting properties in view of their potential applications in the spin 
based electronics i.e. spintronics devices, wherein the spin controlled 
electrical, optical and magnetic properties are exploited. Ferromagnetic 
semiconductors possess a great potential for use as a source of spin 
polarized carriers and offer easy integration with semiconductor devices. 
As an effort in the aforesaid venture we have studied structural, 
electrical and magnetic properties of two systems, namely, Ni doped LaFeOa 
(bulk and thin film) and Fe304 (thin films). On the basis of our observations 
we have proposed that the present studied systems are useful for 
spintronics. Our findings are summarized in this chapter. 
6.1 Ni DOPED LaFeOj 
LaFeOa (a 3d transition metal oxide) is an antiferromagnetically ordered 
insulator at room temperature (Neel temperature, TN=740 K) with Fe^* ions 
in an orthorhombic environment and with a charge transfer gap of 2 eV. A 
wide range of electrical and structural properties have been observed by 
changing the concentration of charge carriers in perovskites LaFej.^NixOa, 
where x is the fraction, representing doping. 
6.1.1 Bulk 
We have synthesized single phase samples of LaFei.xNijjOa (0 < x < 0.6) 
m.aterials using solid-state reaction route and studied their structural and 
electrical properties. The x-ray diffraction exhibits single-phase 
orthorhombic structure for all studied samples. The structural analysis was 
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carried out using PowderX and Rietveld refinement programme 
(F\UlProf software) with space group Pnma upto the 60% substitution level. 
It was found that on substituting Ni at the Fe site the lattice parameters 
changed considerably but doped systems remain in the orthorhombic 
symmetry with space group Pnma. The unit cell volume decreases with the 
Ni concentration and reached a value of 190.705 A^ for 60% doping 
(LaFeo.4Nio.6O3), while in the case of pure LaFeOathe value is 238.982 A .^ The 
electronic structure was investigated using x-ray absorption near edge 
structure (XANES) spectra at O K-, Fe L2.3- and La M4_5-edges. On 
substitution of Ni at Fe site in LaFeOa, the O K-edge spectra show a new 
structure about 2.0 eV lower than O K-edge of LaFeOa. This new feature 
grows as the concentration of Ni is increases. The observation is consistent 
with the behaviour of resistivity data, which show that the resistivity 
decreases very fast with Ni substitution from GQ-cm for LaFeOa to a few 
mQ-cm for the sample with 60% Ni substitution. The resistivity data have 
been analyzed using Mott's variable range hopping (VRH) model and it is 
found that the gap parameter decreases systematically with the Ni 
substitution. From the Fe L2,3-edge structures we have found that the Fe 
ions are in the trivalent state. The observed features have been explained on 
the basis of charge carrier doping in LaFeOa. On the basis of the above-
mentioned observations, we infer that the disorder-induced localization 
effectively controls the resistivity behaviour. 
6.1.2 Thin Films 
We have studied the structural, electrical and magnetic properties of highly 
c-axis oriented single-phase epitaxial thin films of LaFci.xNixOa (x = 0.3, 0.4 
and 0.5) grown on [001] oriented LaAlOa (LAO) substrate using pulsed laser 
deposition (PLD) technique. We notice that the peak separation decreases 
with the increase in Ni concentration indicating a decrease is lattice 
mismatch. Small values of FWHM observed for these films indicate to the 
high crystalline quality of the film. From the structural characterization, we 
infer that the films grown on [001] LAO substrate are under the in-plane 
compressive strain and highly c-axis oriented single-phase epitaxial films. 
All these samples exhibit semiconducting behaviour, while their resistivity 
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values decrease with increase in the Ni concentration in the composition due 
to decrease in the energy gap. The resistivity data fits well for all the samples 
in the VRH model signifying that the conduction is controlled by the 
disorder-induced localization of charge carriers. We observe a clear magnetic 
hysteresis loop with coercivity -110 Oe for all the samples at room 
temperature, establishing thereby their ferromagnetic nature. Their 
magnetization decreases with increase in the Ni concentration in the 
composition because of the increased number of itinerant d electrons ready 
to participate in the hopping interaction and thus decreasing the number of 
localized d orbital moments. The correlation between the electrical and 
magnetic properties in the present system projects it as a potential 
candidate for the spintronics oriented devices wherein the communication 
between the charge and the spin is desirable. Finally, we have studied the 
i / /conduct ion noise properties in these thin films. The spectral density of 
noise voltage S^  shows an inverse dependence on the frequency 
{1/f, a ~ 0.8-1.1) and the quadratic dependence of the bias current at room 
temperature for 10 Hz. All the samples show this behaviour throughout the 
studied temperature range (77-300 K), suggesting the noise to be of the 
conduction fluctuation type. 
6.1.3 Swift heavy ion (SHI) irradiation effect on Ni doped LaFeO, thin fiims 
The thin films were irradiated at room temperature with 190 MeV Ag*^ ^ ions 
using the 15UD tandem accelerator at Inter-University Accelerator Centre 
(lUAC), New Delhi with a range of fluence values (5xl0i°- 1x10'^ ions/cm^). 
We have shown that 190 MeV Ag*'^  irradiation can modify the structural vis 
a vis the electrical and magnetic transport behaviour of LaFeo.sNio.5O3 thin 
films. After irradiation a systematic variation in the lattice parameter with 
tne fluence is noticed and it can be found that for the highest irradiation 
dose, c parameter moves close to the bulk value, indicating that with 
irradiation the lattice of the composition relaxes. The irradiation induced 
lattice relaxation characterizes the composition with a lower resistivity and a 
higher magnetization value. We feel that the enhancement in the 
magnetization in the irradiated samples of LaFco sNio.sOa (the half mixture 
state of LaFeOa and LaNiOa) may be due to the enhancement in the strain 
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induced canted antiferromagnetic interaction between the transition metal 
ions. A similar trend is manifested in the out of plane hysteresis loop 
measurement. From these studies it is evident that the irradiation with swift 
heavy ions can not only make the composition more semiconducting but can 
also enhance the magnetization. Also after the irradiation, the lattice of the 
composition relaxes, but the strain relative to that in the substrate 
enhances. These observations suggest that irradiation induced 
relaxation/strain relative to that in the substrate lays the foundation for the 
enhancement in magnetization and reduction in resistivity. 
6.2 Fe304 THIN FILMS 
Magnetite, Fe304 is the oldest magnetic material known to man. The electron 
transport in Fe304 is predicted to be fully spin-polarized such that it is half 
metallic. This combined with the fact that the Curie temperature is very 
high, makes Fe304 a very interesting candidate for spin valve applications. 
The spin-valves have received a lot of attention due to their application in 
magnetic recording read heads. As discovered few years ago, that epitaxial 
Fe304 films consist of structural domains, separated by anti-phase 
boundaries (APBs). It was postulated that the magnetic coupling across the 
APBs is antiferromagnetic, which strongly influences the spin-polarized 
conduction electrons. 
In summary, we have grown the epitaxial Fe304 thin films of various 
thicknesses 15, 40 and 70 nm on MgO (100) substrate by molecular beam 
epitajgr (MBE) techniques. The conditions for growing the films were settled 
so that antiphase boundaries may be produced. Further, we have 
demonstrated that the presence of APBs in Fe304/MgO hetero-epitaxy 
strongly influences the charge transport properties. The samples were 
thoroughly characterized using high-resolution x-ray diffraction (KRXRD) 
and Raman spectroscopy techniques. The unit cell volume of the films 
calculated fi-om an and ai obtained from the HRXRD measurements was 
found to be the same as that of the bulk magnetite, suggesting that the films 
are stoichiometric. To estimate the density of APBs we performed 
magnetization measurements on these samples. It is clearly evident that the 
magnetization does not saturate with the maximum field of 1 tesla available 
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with the instrument. The resistivity studies showed that 70 and 40 nm films 
possess the Verwey transition at 104 K and 95 K respectively, whereas it is 
absent in the 15 rmi films. The resistivity of the magnetite thin films was 
found to be higher than the bulk resistivity (-1 mQ-cm). The enhancement 
in resistivity of the magnetite thin films is related to the presence of epitaxial 
stress and APBs. The low fi-equency noise was found to scale inversely with 
the fi-equency i.e., l/f with a close to unity. The influence of APB related 
structural disorder on the low frequency charge dynamics is reflected in the 
temperature and thickness dependence of noise. The normalized noise, 
Sv/V^, showed a hump at low temperature for aU the films. We interpret this 
as an indication of the long-range electronic correlations associated with the 
Verwey transition, though these correlations were not evident in the 
resistivity behaviour. In order to get a fare idea about the size of APB we 
have performed magnetic force microscopy (MFM) on these films. The 
average domain size estimated for the films are found to be 50 and 100 nm 
for 40 and 70 nm thickness films respectively. The increase in domain size 
is consistent with the magnetization measurements which shows that the 
volume fraction of the films consisting of finstrated spin configuration 
decreases with the increase in fUm thickness. 
6.2.1 SHI irradiation effect on Fe304 thin films 
The thin films of thickness 70 nm were irradiated at room temperature with 
190 MeV Ag*^ ^ ions using the 15UD tandem accelerator at Inter-University 
Accelerator Centre (lUAC), New Delhi with a range of fluence values 
(5X10*°- IXIO'^ ions/cm^). From our present studies, we infer that at low 
fluence the swift heavy ion irradiation modifies the strain state of the films 
and cation distribution in the vicinity of APBs whereas, at higher fluence it 
introduces structural disorder and transforms the phase from magnetite to 
maghemite. We found that the Verwey transition temperature Ty of these 
films increases with the ion fluence values from 109 K (for pristine) to 117 K 
for the film irradiated with 5x10" ions/cm^. Our explanation to this result is 
that the SHI irradiation changes the structure of the antiphase boundaries, 
possibly even anneals out some of the boundaries. However, at higher 
fluences the films do not show Verwey transition down to 77 K and the 
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resistivity vedue is higher than that of the pristine film, demonstrating again 
that the SHI irradiation induced structural disorder in the film (in 
agreement with XRD results). The results indicate strong dependence of the 
Verwey transition on the onsite Coulomb potential, interionic Coulomb 
potential and the bandwidth. All these parameters depend on the valence 
state of Fe at APB, the nature of strain in the system and the local 
stoichiometry. The magnetization results are also in agreement with the 
HRXRD and resistivity results. The isothermal magnetization hysteresis are 
intrinsically bulk measurements and the model proposed in this work 
addresses the irradiation induced structural transformation and 
modification of strain state, which consequently affects the cationic 
arrangements at APBs. 
It is further established that by selecting appropriate inadiation 
parameters, i.e. by keeping the electronic energy loss below the threshold 
value for the columnar defect formation, one can tune the material 
properties to get an optimum Verwey transition temperature and maximise 
magnetization in the system. Finally, we have demonstrated that the phase 
transformation can be set in just by var5ring the ion fluence. 
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Structural, electrical resistivity, and magnetization properties of 2(X)-MeV Ag*"-ion-irradiated 
Co-implanted ZnO thin films are presented. The structural studies show the presence of Co clusters 
whose size is found to increase with increase of Co implantation. The implanted films were 
irradiated with 200-MeV Ag*" ions to fluence of 1 X 10'- ions/cm^. The Co clusters on irradiation 
dissolve in the ZnO matrix. The electrical resistivity of the irradiated samples is lowered to half. The 
magnetization hysteresis measurements show ferromagnetic behavior at 3(X) K, and the coercive 
field increases with the Co implantation. The ferromagnetism at room temperature is confirmed by 
magnetic force microscopy measurements. The results are explained on the basis of the close 
interplay between the electrical and the magnetic properties. @ 2006 American Institute of Physics. 
[DOI: 10.1063/1.2192577] 
In the recent years, there has been a great interest to 
develop materials which exhibit semiconducting and ferro-
magnetic properties, known as diluted magnetic semiconduc-
tors (DMSs).'"^ Besides their "charge," the ferromagnetic 
semiconductors possess an additional degree of freedom and 
functionality of "spin," which can be integrated into the ex-
isting semiconductor devices, important for applications. The 
ferromagnetism has been achieved in both II-VI and III-V 
semiconductors by the addition of id transition metal ele-
ments, which have Curie temperatures typically varying 
from low temperature (4.2 K) to above room temperature. 
Dietle et al* predicted theoretically, using mean-field model, 
the possibility of room temperature ferromagnetism in Mn 
doped ZnO and GaN, provided the hole doping is sufficiently 
high (3 X 10^/cm'). Around the same time, Sato and 
Katyama made the density functional calculations and pre-
dicted the ferromagnetism in transition metal substituted 
ZnO through double exchange mechanism, which did not 
require free carrier for high concentration of the substituenl. 
There are various reports on magnetic properties of transition 
metal doped ZnO, but the main issue is the origin of fer-
romagnetism in this system. It may be possible that the fer-
romagnetism follows from the precipitate/clusters of the 
transition metal and their oxide phases, which are ferromag-
netically ordered. However, if the ferromagnetism is due to 
Also u Inslilute of Physics and Applied Physics. Yonsei Univeisiiy, 
Shinchon-dong 134. Seoul 120-749, Korea. 
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the carrier-mediated exchange in ZnO matrix, it would be 
exciting to investigate properties for its use in semiconductor 
based spintronics devices. In most of the previous studies, 
the transition metals were incorporated by synthesizing the 
solid-state reaction of Uansition metal oxide and ZnO in bulk 
form and then the films were deposited. There are a few 
reports where the DMS materials have been synthesized by 
ion implantation in ZnO thin films and the single crystals. ' 
In most of these implanted systems, the Co clusters were 
observed with a sizable amount. The main issue that still 
remains unsolved, however, is the dissolution of the clusters 
and putting them at an appropriate site in the ZnO matrix to 
avoid the possibility of ferromagnetism arising from the 
clusters. 
Swift heavy ion (SHI) irradiation has been known for the 
deposition of large of amount energy to the lattice in a very 
short time through the electron-phonon interactions. The 
mechanisms of energy transfer are well explained in the lit-
erature through two well-known models such as Coulomb 
explosion'^ and thermal spike.'^ According to the thermal 
spike model during the passage of SHI the kinetic energy of 
the excited electrons is transmitted to the lattice by electron-
phonon interaction in a way efficient enough to increase the 
local lattice temperature above the melting point of the ma-
terial. The increase in temperature is followed by rapid ther-
mal quenching (10"-10'^ K/s) that results in modifications 
of materials in controlled fashion. The SHI irradiation has 
been widely used for modifications of physical properties of 
various materials and has found immense utility in mixing 
two different materials,'^'" creating structural strains/ 
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disorders and genenling point/clusten and columnar defects 
in colossal magnetofcsistance (CMR) materials," feirites, 
and other oxide materials. In this letter, we report on the use 
or SHI irradiation to dissolve the G> clusters in Co-ion-
implanted ZoO thin fibns to synthesize the single phase Co 
doped ZnO to achieve the ferromagnetic semiconductor at 
room umpeiatuie. 
The ZnO fiims of thickness of 400 nm were deposited on 
a-Al20] (0001) single crystal by plasma assisted molecular 
beam epitaxy (PAMBE). During the deposition the substrate 
temperature was maintained at 720 *C and the chamber base 
pressure was 2 X KT* Ton. The details of the film deposition 
can be found elsewhere." The well<haracterized films 
were implanted with 80-keV Co ions to doses of 1 
X 10" to 5X10'* ions/cm* at 300'C to recover the im-
plantation damage. Fuither, the Co-implanted ZnO thin films 
were irradiated with 200-MeV Ag*" ions to fluence of I 
X 10'^  ions/cm^ at room temperature using the 15UD tan-
dem accelerator at Nuclear Science Centre. New Delhi, In-
dia. Here onwards, we name our films as ZnO, ZnOColU, 
ZnOCo2U. and ZnOCo3U for pure, and 1 x 10", 2X 10". 
and 5XJ0" ions/cm^ Co implanted, respectively, before 
SHI irradiation and ZnOColR. ZnOCo2R. and ZnOCo3R for 
respective films imdiated with 200-MeV Ag*" ions. The 
structural chraacterization of Co doped ZnO thin films before 
and after SHI inadiation was performed by powder x-ray 
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diffractioa (XRD) using Bmker D8 x-ray diffractometer. The 
electrical resistivity as a function of temperature of the films 
was pofonned using four-probe method in the temperature 
range of 77-300 K. The isothermal magnetization hysteresis 
measurements were perfoimed at 300 K using sllemating 
gradient force magnetometer (AGFM) (micromag-2900, 
Princetoo Measurements Co.) with a sensitivity of I0~* emu. 
In these nieasuiements. the magnetic contribution from the 
substrate was subtracted from the measured dau. 
Figure 1(a) shows the x-ray diffraction pattern of ZnO, 
ZnOColU, ZnOCo2U, and ZnOCo3U thin films. The pres-
ence of 0> clusters of nanosize is deariy evident by their 
(111) peak in Fig. 1(a) af i^earing at 29=44.35. A small 
shoulderiike structure at 20=73.5 along with the ZnO (004) 
peak is identified with CoO (311). Tlie appearance of the Co 
clusters and other phases indicate that in the as implanted 
ZnO fibns Co does not go to the Zn site. Further. Fig. 1(a) 
also shows that the Co (111) peak width decreases with 
increase in implantation dose suggesting that the Co cluster 
size increases as the doping concentration is increased. 
To dissolve these Co clusters, the implanted films were 
irradiated with 200-MeV Ag*'' ions to Ruence of 1 
X 10'^  ions/cm'. The electronic stopping power S^, nuclear 
stopping power 5,. and range R^ of the ^X>-MeV Ag*'^ ions 
in ZnO calculated using SRIM-20Q3 code are 24 keV/nm, 
69 eV/nm, and 13.65 /tm respectively. S, is three orders of 
magnitude higher than S, and the range of the ions is very 
much larger than the film thickness (400 nm). which indi-
cates that there is no implantation of Ag ions in (he films. 
The large S, in these films creates high local temperature due 
to the election-phonon coupling as suggested by the thermal 
spike model and dissociates the Co clusters along the ion 
path. There may be some level of amorphization during (his 
process. To confirm, the x-ray diffraction measurements of 
SHI irradiated implanted films were made and shown in Fig. 
I (b). The Co (111) clusters peak at 2 ^ 44.35 and CoO (311) 
shoulder at 20=73.5 are al»ent in Rg. 1(b) which indicates 
that the Co dusien and other phases of Co oxide are dis-' 
solved with the ZnO matrix. It can also be seen that there is 
no significant change in their peak width and position. Un-
like in conventional Ibennal annealing, where the sample is 
exposed to high temperature for a considerable amount of 
time, leaiUng to the growth of the clusters" and also modi-
fying the defects states such as oxygen vacancies, etc., SHI 
irradialioa has been veiy effective in taking the sample to 
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very high tempefiture ihrougii elecm>f>-pbonoa coupling in a 
short span of time, which essentially dissolves the Co clus-
ters and does not allow them to grow. Many eflbits of dis-
solving Co clustets through the conventional annealing 
ended up with an increased duster size or with a formation 
of oxide phases of cobalt'*•** 
In order to understand the electrical transport behavior, 
the resistivity of the films was measured as a function of 
temperature before and after SHI irradiation. Figure 2 shows 
the resistivity as a function of temperature for ZnOCo2U and 
ZnOCo2R thin films. Before discussing the implanted films, 
we would like to discuss the resistivity of pure ZnO films 
(see inset oi Fig. 2). The resistivity of pure ZnO fi!m shows 
the meul insulator transition around 230 K. The resistivity 
shows metallic behavior up to 250 K and after that it follows 
the semiconductor nature, possibly due to the presence of 
oxygen vacancies in the films. A similar trend is observed in 
ZnOCo2U films with the metal insulator transition tempera-
ture at 285 K. TTie resisunce, however, increases by a factor 
of 2.5 of that of pure ZnO film (see Fig. 2). Figure 2 also 
sho-i-'S that after SHI irradiation the resistivity of the im-
planted film decreases by a factor of 2 and the metal insula-
tor transition disappears. The Co clusters present in the im-
planted films act as scattering centers, leading to increase m 
resistivity. On SHI irradiation the clusters dissolve, making 
the film more ordered and hence decreasing the resistivity. 
Similar results were observed for other films. This is cor-
roborated by our XRD results. The absence of Co cluster 
peak in XRD pattern and the decrease in resistivity empha-
size the inference that the SHI irradiation transforms the Co 
clustered system into a Co substituted ZnO system. 
As stated earlier, we are primarily Interested in examin-
ing the fenomagnetism in the system. Figure 3 shows the 
isothermal magnetization hysteresis curves at 300 K for 
ZnOCoIR and ZnOCo3R thin films. Both the films show the 
ferromagnetism at 300 K and the magnetization and coerciv-
iiy (//,) increase with the increase of implantation dose. Fur-
ther, to confirm the ferromagnetism in these materials, we 
have performed the magnetic force microscopy (MFM) mea-
surements at room temperature. Figure 4 shows the MFM 
pictures of ZnO and ZnOCo3R films. From Fig. 4(a) it is 
clear that there is no magnetic contrast in ZnO film, whereas 
ZnOCo3R film shows a good contrast and the magnetic do-
mains are uniformly distributed over the whole film area. 
To siunnurize, we have synthesized Co doped ZnO thin 
films by 80-keV'Co ion impUoicaUon at 300 *C with various 
Downloaded 07 Apr 2006 lo 202.141.98.4. Redistribution subject to 
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FKJ. 4. KtafMlic face eriuoeccpy (MFM) pic l im n r (a) pure ZnO film 
•nd (b) JOO-MeV A(*"-<OMfndialed COHnplanled ZnO Ihia fibn having 
Co dopiof of S X10" ioM/oii'. 
dose values followed by 200-MeV Ag*" ion irradiation, 
which shows a single phase sOuctuie. These films are ferro-
magnetic at room lempetature and exhibit the semiconductor 
behavior. The cwielation between the electrical and mag-
netic propeities in the present system formulates it to be a 
potential aspirant for the qiintronics oriented devices 
wherein the communicalioa between the charge and spin is 
highly desired. 
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